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SUMMARY

Increasing atmospheric GQaffects seawater pH and chemistry. This process,
commonly known as ocean acidification (OA), has tiedh decrease in oceanic seawater
pH by 0.1 since the industrial revolution. Oceamiodels show that mean pH may fall
from the current 8.1 units to 7.8 and 7.5 by 2168 2300, corresponding to levels of
about 1000 and 2000 patpCO,, respectively. Coastal habitats have been desttibe
differ substantially from open ocean conditionst Noly absolute mean values and annual
or daily fluctuations but even future predictiondfeds considerably from open ocean
norms. These characteristics evolved over manysyead likely formed species or
populations, which are more robust to future OAntlspecies or populations from more
stable oceanic environments. Calcifying speciesvall as early life-history stages of
marine organisms are considered to be mainly &tfkedty OA. The acorn barnacle
Amphibalanus improvisus a dominant marine calcifier within the west&ailtic Sea and
has a complex life cycle with various stages sushfemding nauplii and non-feeding
cyprids as well as settled calcifying juveniles.u$hthis species is an ideal organism to
address a wide range of hypotheses. In this thegisestigated the sensitivity of the
improvisustowards OA stress in combination with additional/ieonmental parameters
such as temperature and food availability. The miggas for this study came from the Kiel
Fjord, Germany and the Tjarnd Archipelago, Swedemgch, to a certain extent, allows
interpretations on the population level. As ondhdf first cases, this study evaluates the
entire life cycle of an invertebrate towards OAcombination with additional stressors.

Nauplius larvae ofA. improvisuswere affected neither by moderate (<1500 patm
pCQO,) nor by severe (>1500 patm) OA under summer teatpex conditions of 20 °C in
the Kiel population or under slightly elevated tergiures (25 °C) in the Tjarné
population. However, in cooler waters (12 °C) seveXA drastically slowed down the
larval development of Kiel individuals. Warming @geally increased the survival as well
as the rate of development in barnacle naupliidygtris larvae also suffered increased
mortality with increasing temperatures. Cyprid s{Zgarnd) and settlement (Kiel) were
unaffected by temperature and OA but survival wdsaaced under severe OA in the Kiel
population. While survival, growth, condition indeeproduction, shell strength as well as
development of the F1 generation of juvenile baesmfrom Kiel were rather unaffected
by OA over 20 weeks, moulting frequency increaséith vwmcreasing acidification of the
seawater. Net-calcification was reduced under asirg acidification with negative



impacts on the shell maintenance of adults. This twge for barnacles cohorts collected in
summer but when a cohort of juvenile barnacles eadlected in autumn and investigated
under OA scenarios over the winter, severe OA megjgtimpacted juvenile growth after
10 weeks. Seawater warming by 4 °C temporary eftettie growth of juvenile barnacles.
It also decreased the condition index and increéisedreaking resistance, i.e. led to an
increased investment in shell production compacedddy growth. Juvenile barnacles
from Tjarn6 showed a generally higher sensitivityQXA with reduced growth and survival
under moderate and severe OA when combined witt fioutation and under severe OA
when food availability was increased. Food avaligbin general, seems to be the major
factor driving the performance of juvenile barnac{encreasing growth, condition index,
reproduction and shell strength), in both the laedl the Tjarn6é populations.

In the present study, barnacles have been showithetand predicted near-future
OA well, with if at all, only sub-lethal effects ahe different life-history stages. Larval
stages of both the Kiel and the Tjarnd populatiaese tolerant to even the highest OA
levels applied (3250 patpCO,, pH 7.5). Nevertheless, the sensitivity of juvegito OA
differs remarkably between barnacle populationsediles ofA. improvisusfrom Tjarn6
responded more sensitively to OA than juvenilesnfridiel. Juveniles ofA. improvisus
from Tjarno responded more sensitively to OA tharepiles from Kiel. These population-
specific differences might be explained by the hgkural variability in pHICO, over the
year in the Kiel Fjord and the possibility of bacles to adapt to these fluctuations over
many generations. Assuming that this adaptatiqgoisntially also valid for other barnacle
populationsA. improvisusrom Tjarnd will likely adapt to anthropogenic Qwthe future.
In conclusion, barnacles might be pre-selected itbstand strong small-scale as well as
large-scale fluctuations in their natural enviromtse Nevertheless, habitat characteristics
and thus population specific differences seemay plrole in determining the resilience of
A. improvisugo OA. Even seasonality likely controls the resikie of this species to OA.
Since OA is expected to increase more drasticallshiallow coastal habitats in the future,
the absolute OA tolerance limits of this species still to be evaluated in more detail.
Additionally, the synergistic effects of OA and tiacs such as warming or desalination
need to be considered when future predictions ag@erfommunity structures depend on
the responses of various organisms and there wifldsers” and “winners” in the fate of
future OA. Thus, although single species suchAasmprovisuswill be not lethally
impacted in a future acidified ocean, communitycinres are likely to change due to the

higher sensitivity of other organisms.



ZUSAMMENFASSUNG

Steigende C®Emissionen verandern den pH im Meerwasser sowsd dessen
Karbonatchemie. Dieser Prozess wird im Allgemeireda Ozeanversauerung (OV)
bezeichnet und hat seit der industriellen Revoluza einer Reduktion des Meerwasser-
pHs um 0,1 Einheiten gefuhrt. Zukunftsmodelle flie dzeane prognostizieren ein
weiteres Absinken des pHs von heutigen 8,1 auf emt 7,8 im Jahre 2100 und um 7,5
im Jahre 2300. Diese entsprechen einem AnstiegvidgeswasserpCO,s auf circa 1000
und 2000 patm. Kustenhabitate unterscheiden sidbcle drastisch von ozeanischen
Bedingungen. Nicht nur absolute Mittelwerte odeukilationen im Jahres- und auch im
Tagesgang, sondern auch Prognosen flr eine zuimfterwartende Ozeanversauerung
weichen hierbei stark von ,,Ozean“-Modellen ab. Bi&sgenheiten von Kistenhabitaten,
welche sich erst Uber die Jahre herausgebildetamt&n dazu gefiihrt haben, dass sich
lokale Arten oder Populationen mit der Zeit durchle®tion an diese Gegebenheiten
angepasst haben. Kalzifizierende Arten sowie frilhgenetische Lebensstadien werden in
der Literatur hierbei als sehr empfindlich im Umgamit einer zuklnftigen OV
prognostiziert. Die Brackwasser-Seepodkmphibalanus improvisusst ein dominanter
Kalzifizierer in der westlichen Ostsee und weistesi komplexen Lebenszyklus mit
fressenden Nauplius- sowie nicht-fressenden Cypuish und einem siedelndem und
kalzifizierendem juvenilen Stadium auf. Somit bietiese Art die Mdglichkeit zur
Bearbeitung einer Reihe relevanter Fragen zur Oigdfmng. In meiner Arbeit habe ich
die Sensibilitdt der Seepocke improvisusauf OV sowie auf OV in Kombination mit
zusatzlichen Umweltfaktoren wie Temperaturverandgem und Futterlimitierung
untersucht. Die untersuchten Organismen stammtendau Kieler Férde sowie aus
Gewassern vor Tjarnd in Schweden, wodurch auch agess auf Populationsebene
madglich sind. Als eine der ersten Studien, habehiehnbei die Sensibilitat des gesamten
Lebenszyklus eines Invertebraten auf OV in Kombamatmit zusatzlichen Stressoren
untersucht.

Naupliuslarven der ArA. improvisuswurden weder von moderater (<1500 patm
pCO,) noch von starker (>1500 papC0O,) OV beeintrachtigt, wenn sie unter normalen
Sommertemperaturen von 20°C (Kiel Population) adgwer leicht erhdhten Temperaturen
von 25°C (Tjarnd Population) gehaltert wurden. 18°Q kaltem Wasser war die
Larvalentwicklung der Nauplien unter OV jedoch ktaerlangsamt. Erwarmung forderte
das Uberleben und beschleunigte die Larvalentwizkladler Nauplien. Cyprislarven



hingegen zeigten eine erhdhte Mortalitat unter Emuiing. Die Grof3e (Tjarn6) sowie der
Siedlungserfolg (Kiel) der Cyprislarven waren voer dTemperatur sowie der OV
unabhangig wobei OV das Uberleben der Cyprislarbegiinstigte. Das Uberleben,
Wachstum, der Konditionsindex, Reproduktion und hawtie Schalenstabilitat von
juvenilen Seepocken sowie die Entwicklung dereG€heration blieben von der OV Uber
20 Wochen hinweg unbeeinflusst wobei die Hautueggfenz der Tiere unter OV
Bedingungen gesteigert war. Die Nettokalzifizierwngr mit steigender OV herabgesetzt
was sich negativ auf den auf3eren Zustand der Sclalelter Tiere auswirkte. Diese
Beobachtungen waren jedoch nur fir Sommerkohortem A. improvisusgegeben.
Herbstkohorten vorA. improvisusdie Uber den Winter im Experiment grol3 gezogen
wurden wiesen ab der 10. Woche unter starker OWziede Wachstumsraten auf.
Erwarmung um 4°C hatte kurzzeitig positive Effekigf das Wachstum der Seepocken,
reduzierte den Konditionsindex und erhohte die Beistabilitat und fuhrte somit zu einer
gesteigerten Schalenbildung im Vergleich zum Waeich&rwachstum. Juvenile
Seepocken aus Tjarnd zeigten im Allgemeinen eihéhde Sensibilitdt gegentber OV.
Das Uberleben sowie das Wachstum der Tiere wareRutrlimitierung unter moderater
sowie starker OV und unter normalen Futterbedingangwur unter starker OV
herabgesetzt. In beiden Populationen war die Pugtirgbargeit jedoch bei Weitem die
dominierende Komponente in der Entwicklung der $eken.

In der vorliegenden Studie wurden Seepocken derAArimprovisusals sehr
resistent gegenuber einer zu erwartenden OV geZesgkonnten in den meisten Fallen,
wenn Uberhaupt, nur subletale Effekte unter moder@V gezeigt werden. Larven aus
Kiel und auch Tjarnd zeigten sich sogar gegenubé&emenpCO, Behandlungen von
3250 patm (pH 7,5) resistent, solange die OV nichkKombination mit herabgesetzter
Temperatur auftrat. Dennoch traten enorme Unteggehtwischen einzelnen Populationen
von A. improvisusauf wobei juvenile Individuen aus Tjarnd viel sdsi auf OV
reagierten als Individuen aus Kiel. Diese Poputaspezifischen Unterschiede lassen sich
maoglicherweise auf Anpassungsprozesse der hieSigepockenpopulation an die starken
natirlichen pHICO, Fluktuationen in der Kieler Forde uber viele Getiereen
zuruckfuhren. Unter der Annahme, dass weitere Siempopulationen, wie zum Beispiel
die untersuchte Population aus Tjarnd, Uber eiglemhbares Potential der Anpassung
verfugt wie es fiur die Kieler Population anzunehmest, werden auch weitere

Seepockenpopulationen von zukinftiger OV nichtksbeeinflusst sein.

vi



Zusammenfassend scheint es, dass Seepocken gamestdirke Schwankungen in
Ihrem natlrlichen Habitat angepasst sind; seiesedideinskalig oder grof3skaliger Natur.
Dennoch scheinen Habitat-spezifische Komponentea wichtige Rolle in der Resistenz
von A. improvisusgegenuber OV zu spielen. Es scheint hierbei auBerdech die
saisonale Komponente einen Einfluss auf die Remsleser Art gegentber OV zu haben.
Da die OV fur Kustenhabitate in Zukunft jedoch naghvierender ausfallen wird wie fir
ozeanische Gewasser, ist es von zentraler Bededtartgtsachliche resistenzschwelle von
A. improvisus gegeniiber OV zu untersuchen. Weitere synergistidefiekte wie
Erwdrmung und Aussif3ung der Meere missen in Zuqpnoignosen Uber diese Art
ebenfalls mit einbezogen werden. Marine Gemeinsehafind stark von den Resistenzen
einzelner Arten abhangig und es wurde Uber di¢detdahre gezeigt, dass es Verlierer und
Gewinner geben wird. Auch wenn sich die einzelneAdrimprovisusals relativ tolerant
gegeniber der OV zeigte, sind Verdnderungen imaiimen Lebensgemeinschaften unter

zukunftiger OV dennoch zu erwarten.
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CO;
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COs”
Cr

d.f.
DW
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HCOs

MS

OA
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PHnes
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SD
SE
SS

total alkalinity

calcium carbonate

carbon dioxide

aqueous carbon dioxide

carbonate

total dissolved inorganic carbon
degrees of freedom

dry weight

fresh weight

bicarbonate

mean

mean squares (variance)

number of sample units (replicates)
ocean acidification
CaCQsaturation state

carbon dioxide partial pressure

pH at the NBS (National Bureau of Standards)escal
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standard deviation

standard error
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Introduction

1. General Introduction

1.1. Ocean Acidification

Fossil fuel combustion over the past 200 yeardddhto an increase in atmospheric
CO, concentrations. This is widely documented in ic@es as well as in manual
measurements initiated by Charles David Keeling 1866 (Fig. 1.1). While C®
concentrations in the atmosphere have remainekeimange of 172 to 300 ppm over the
past 800 000 years (Luthi et al. 2008), LQOncentrations increased from about 285 ppm
to about 390 ppm since the beginning of the indalstevolution. Not only the rate at
which concentrations of atmospheric £i@crease today but also its amplitude will by far
exceed the levels that have occurred throughoupdlse2 million years (Lithi et al. 2008;
Gattuso and Hansson 2011).

|naWideC0nSOrtium'the 400_I\Illllll\\l\\l\II\II\I\\\\\I_

w
[e]
o

“Intergovernmental Panel or
Climate Change” describes

number of future scenarios, largel @ 340

depending on  socio-economi 3 320

, concentration [ppm]
&
o

L S L L

parameters considered as well as 8 300 M _ &

possible mitigation strategies (IPC( © 280] M_&_Mﬁ,ﬁ_vﬂcg%mw- ey 5

2007). Atmospheric CO 1740 1780 1820 1860 1900 1940 1980 2020
year

concentrations are expected to
. . Figure 1.1 Time trend of the concentration of €@ air extracted
increase to 650 ppm (B1-Scenario)qom an Antarctic ice cores (open black circlesinbined with the

_ trend based on direct atmospheric measurementav@iage) from
or even up to 970 ppm (Al Mauna Loa and the South Pole (closed black circlesgt updated

Scenario) by the year 2100 with anJanuary 2012 (from http://scrippsco2.ucsd.¢
actual rate of about 3.4% per year (IPCC 2007; er@® et al. 2009). COis widely
recognized as a greenhouse gas causing global m@rrBiesides, large amounts of
atmospheric C@ dissolve in the ocean leading to a reduction in gfHhe ocean, a
phenomenon commonly referred to as “ocean acidificd (OA) or as the “other C®
problem” (Doney et al. 2009). The world’s oceanseroabout two thirds of the earth’
surface and play a crucial role in determining elilm processes. Serving as a carbon sink
about one half of the anthropogenically released 68 already been taken up by the
oceans (Sabine et al. 2004).

CO; dissolves in seawater (Ggy) by physical dissolution followed by a complex

reaction with other carbonate system species praéseseawater. The reaction of &9,
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-15 ; with water molecules formsJ&0;
l; 20} H su(r)fz?ai (carbonic acid), which dissociates
g 25} CO, :COB_E into HCG;™ (bicarbonate) releasing
§ a0l a H (proton). This H reacts with
% asl ' | COs* (carbonate ions) present in
g ol seawater and another HgOs
2 formed. All carbonate species are
all in equilibrium with each other as
-5.0

0 2 4 6 8 0 12 14 shown in Fig. 1.2. The sum of
PH COyaqy HCOs and CQ” is called
Figure 1.2 Bjerrum plot showing the pH dependency of the three

. i 2. _ the dissolved inorganic carbon
carbonate system species CBICO, and CQ . The dashed line

corresponds to present day mean ocean surfacerphh @eebe  (Ct).
and Wol-Gladrow 2001). In the today’s ocean only
about 0.5% of the inorganic carbon is presenténféihm of HCO; and 13% in the form of
CO5%, while the majority is present in the formHEO; (>85%:; Zeebe and Wolf-Gladrow
2001). With a future increase in atmospheric,@0@ncentrations, overallt will increase

in the oceans with the carbonate species beintgdHhibwards a relative increase of HCO
(Zeebe and Wolf-Gladrow 2001). Due to a net germraif H" by the dissolution of CO

in seawater, the oceanic pH decreases (Fig. 11®).pH in seawater is a measure of the
acidity (pH = —log 10 [H]), which is reported on different scales: NatioBalreau of
Standards (pkks), seawater (pklvg, free (pH) and total (pH). The pH values on the
NBS scale are about 0.15 units higher while valueshe SWS scale are about 0.01 units
lower than pH values on the total scale. Fyetotal alkalinity) is the sum of weak bases
balancing the charge differences between anionscatidns (= [HC@] + 2[CO#] +
[B(OH)s] + [OH] + [HPO?] + 2[PQ] + [SIO(OHX] + [NH3] + [HS] ... - [H']e -
[HSO4] - [HF] - [H3PQOy] ...), whereas the major component of this buffesggtem is the
carbonate alkalinity with its components HC@nd CQ? (= [HCO;] + 2[CO:?)).

Another consequence of the dissolution of,@Oseawater is that the concentration
of COs* decreases, lowering the saturation state of catkaninerals present in shells and
skeletons of marine organisms. Three major biog€al€CQ (calcium carbonate) minerals
are present in marine environments with aragongmd 1.5 times more soluble than
calcite. High Mg-calcite (>12% Magnesium) is evearesoluble than aragonite (Dickson
2010; Gattuso and Hansson 2011; Ries et al. 2@eggwater is in equilibrium with the
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respective mineral whef2 = 1, it is supersaturated whe&h > 1 (promoting inorganic
precipitation) and it is undersaturated wiéer 1 (promoting inorganic dissolution).

WRE1000
__ 1000 ——
IS
o
2 800 WRE750
o WRE650
g 600 | WRES50
S WRE450
=
S 400
2 CTRL
e
2 2004
O T T T
85 1 I 1 1
WRE450 WREGBS0 WRE1000
7 /" WRES50.~ WRE750." I
) 2500 PgC|
7.7 - =
T - 5000 PgC|
| _ 10000Pgc]
6.9 _ 20 000 PgC
65 . ; : . P | | |
2000 2100 2200 2300 2400 2500 -0.4 -0.3 -0.2 0.1 0
year pH change

Figure 1.2 Atmospheric CQ predicted for the SRES emission pathways and Bpedor the WRE stabilization

Scenarios and predicted Surface ocean pH from ogeatel simulations (from Caldeira and Wicket 200%0
and Caldeira 2008).

Since the beginning of the industrial revolutiomeanic pH has dropped by 0.1
units to a pH of 8.1. An on-going decrease of ab@002 pH units per year can be
measured at present (Gattuso and Hansson 2011)reFstenarios predict a further
decrease in oceanic pH of up to 0.2 units (WREil&tabon scenarios), of up to 0.5 pH
units (20 000 Pg C release) by the year 2100 angodb 0.4 units (WRE stabilization
scenarios) and of up to 1.3 pH units (20 000 Pgl€ase) by 2300 (Caldeira and Wickett
2005; Fig. 1.3). Even more important for marineciéedrs will be the decrease in CagO
saturation state, which already has decreased dayt &% since 1766 and is projected to
decrease by about 40% by 2100 (Gattuso and Lavd§08; Gattuso and Hansson 2011).

The magnitude of a decline in Cag€aturation states however, varies with latitude an
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high-latitude oceans will be more affected than-latitude oceans. Future predictions on
the calcite saturation of the surface oceans a&septed in Fig. 1.4.

Several processes can influence the carbonate stigroff seawater (Zeebe and
Wolf-Gladrow 2001) as represented in Fig. 1.5. @iaktion (i.e. CaCQ@formation) leads
to a reduction ofAt (total alkalinity; with a minor decrease 6f and pH), while CaC®
dissolution leads to the opposite effects. Bothtpsynthesis and release of £fiom the
system ocean lead to a reductiorCgfand an increase of pH (with a minor increaséof
under photosynthesis), while respiration and, @sorption by the system lead to opposite
effects. Thus, in contrast to the open ocean, abdmtbitats and estuaries with high
biological activity differ substantially with resgteto carbonate chemistry as well as annual

and even daily natural fluctuations.

As presented in Fig. 1.6, pH fluctuations measured
over the year in several coastal habitats can bstautial
compared to open ocean time series. Not only leng t
trends have been reported to differ from open ocean
predictions (Hinga 2002; Wootton et al. 2008) bigoa
seasonal signals of more than 1 pH unit were redeal
(Provoost et al. 2010). Habitats such as a seawedddf

2.45
CaCo; ,*
dissolution »
7/
7
T 240
o
4
©
S
E
> 235
IS
S
=
[
Qcaicite I
I 2.30
Figure 1.4 Changes in surface
ocean pH relative to pre-industrial , CaCo,
values and saturation state of ,/ 11 formaton 15 < 20
calcite for different atmospheric 2.25 £ 4 A £
CO, stabilization levels (ppm). By 1.95 2.00 2.05 2.10 2.15
500 ppm, aragonite will dissolve in >CO, [umol kg 1]
parts of the near-surface Southern
Ocean; by 1000 ppm, calcite will Figure 1.5 Processes affecting seawater carbonate chemistry
dissolve in most of the high (values shown refer to T=15°C, S=35, and P=1 a8o)id and
latitude oceans (from Cao and dashed lines indicate contours of constant disdot¥®, and pH,
Caldeira 2008). respectively (from Zeebe and Wolf-Gladrow 2001).
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Fucusspp. dominated by biological activity

shows even daily fluctuations of more than 1
pH unit (Vincent Saderne pers. commun.).
In highly productive near-shore coastal
ecosystems, the effect of eutrophication on

carbon cycling can even counter the effect

F1T ] i b |

of OA on the carbonate chemistry of surface

. 72 74 76 7.8 80 82 84 86 88 9.0 92
waters (Borges and Gypens 2010). River pH

dISChargeS of acidic water can furtherFigure 1.€ Fluctuation in pH reported from diverse
exacerbate acidification in estuariescoastal habitats worldwide. Vertical blue shadeeaar

represents open ocean fluctuations taken from the
(Salisbury et al. 2008) while brackish Bermuda Atlantic Time Series (Bates and Peters 2007

) o . and Hawaii Ocean Time Series (Dore et al. 2009)
habitats exhibit generally lower salinity
values with consequently a lower alkalinity andsthnaturally lower CaC@saturation

states 2) compared to open ocean waters (Hjalmarsson 20@8; Miller et al. 2009).

1.2. Biological Impacts of Ocean Acidification

Potential changes in carbonate chemistry of themseand possible implications
for marine organisms was already discussed in tideafinithe 2¢' century (Rubey 1951).
From less than 50 articles discussing the widejestilof “OA” in the late 1990s, the effort
on OA research has increased substantially to thare 700 articles treating the subject to
date with most effort so far dedicated to phytoktan, corals and molluscs (Gattuso and
Hansson 2011).

OA is widely known to generally affect two fundantenprocesses in marine
animals: the acid-base status and calcificationtt(Ga and Hansson 2011). The
extracellular (body fluids) as well as the intrdglalr pH of organisms play an important
role in biological processes such as enzyme agtortprotein functions. . Highly active
organisms such as fish, crustaceans or cephalggredbelieved to cope better with OA
due to their high metabolic rates and naturallgrairfluctuations opCQO; in their body
fluids (Melzner et al. 2009). A major mechanisnctunter extracellular acidosis induced
by OA is by active accumulation of HGOn order to buffer the surplus™ih body fluids
(Gutowska et al. 2010b; Whiteley 2011). Active leuifhg, however, comprises higher
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energetic costs and thus could require higher métakates or energy reallocation from
other important processes (Wood et al. 2008). Upasmeated acidosis can lead to a
metabolic depression (i.e. the down-regulation okergy demands and the aerobic
metabolism) and thus, in the long-term, to redugexivth rates or other important fitness
related traits (Michaelidis et al. 2005; Portneale2004).

OA directly affects calcification processes in marbrganisms due to a decrease in
CO5* concentrations and a lowering of the CaG&kuration state in the seawater (Fabry
2008). To a certain extent, many calcifying orgarss exert a control over
biomineralization processes involving passive antiva ion transport to calcification
compartments, which are isolated from ambient seaw@Neiner and Dove 2003).
However, reduced calcification rates under simdla@ have been observed in many
marine species (reviewed in e.g. Fabry et al. 2@D&)ey et al. 2009). Due to their
importance for the global carbon cycle, speciardton has been dedicated to planktonic
calcifiers such as coccolithophores or foraminifégay. Riebesell et al. 2000; Iglesias-
Rodriguez et al. 2008; Lombard et al. 2010). Conmmérbenthic calcifiers such as
echinoderms or molluscs have further been objestextensive OA related research over
the last decade (e.g. Gazeau et al. 2007; Thonms®Malzner 2010; Dupont et al. 2010;
Lebrato et al. 2010). Corals have been demonsttatbd among the most sensitive groups
to OA (Hoegh-Guldberg et al. 2007; Doney et al. 200n a laboratory study, Fine and
Tchernov (2007) showed that the scleractinian cO@llina patagonicacompletely lost
its skeleton when grown in acidified water (pH 7d) an extended period although with
the ability to recover calcareous structures umdemal pH conditions. While most data so
far stem from short-term studies, the dominant-begiiding cold-water coralLophelia
pertusahas for example been shown to be capable to aaftiiento long-term exposure to
OA conditions (Form and Riebesell 2012). Furthlee, ¢occolithophor&miliania huxleyi
even showed evolutionary adaptation to OA stresghbyselection over 500 generations
(Lohbeck et al. 2012), which sheds new light on & impacts OA might have in the
future. Nevertheless, in a study on several mamadifiers, Ries et al. (2009)
demonstrated a remarkable diversity of the resgoakmarine calcifiers to mid-term OA.

Although there is limited empirical data availabdayly life stages are considered
to be more sensitive to environmental stressorsh(wiortality rates of up to over 90%
during their early days of life) than juvenile odudt stages (Gosselin and Qian 1999;
Kurihara 2008). Many early life-history stageslstick specialized regulatory tissues (Hu

et al. 2011) or immune response systems and hafugth@r undergo dramatic transitions
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between different larval stages as well as the metghosis from the larvae to juvenile
(Walther et al. 2010; Kurihara 2008). The metamogmh to the early juvenile includes
dramatic morphological changes, which also can lievshifts in feeding behaviour and
food sources (Pechenik 1999). In most cases, mamvextebrates undergo a transition
from the pelagic to the benthic environment whewrettgping from one life stage to
another, during which they are exposed to diffesdnotic (e.g. temperature, salinity, pH,
light) and biotic (e.g. predation, fouling, compietn) stressors (Pechenik 1999). Larval
responses to certain stressors can directly deterie overall recruitment success but
also cause subsequent effects on the performanegeofstages or juveniles (Miron et al.
2000; Pechenik et al. 1998; Thiyagarajan et al52@dnlet and Sadro 2006).

Studying OA effects on the early life stages ofamigms is becoming more and
more common in the OA community. Nevertheless ai@ dmost studies have investigated
adult stages of marine invertebrates (Kroeker.e2@10 and e.g. Gazeau et al. 2007; Ries
et al. 2009; Thomsen et al. 2010; Appelhans ea@epted in Marine Ecology-Progress
Series). A first study highlighting the importanaleinvestigating the response of larvae to
OA showed that echinoderr@phiothrix fragilig larvae e.g. suffered from 100% mortality
under reduction in 0.2 pH units (Dupont et al. 20@&irther examples show that OA has
the ability to dramatically hamper the performan€enarine invertebrate larvae (reviewed
in e.g. Kurihara 2008; Dupont et al. 2010; Kroe&eal. 2010). Nevertheless, a noticeably
high proportion of studies demonstrate OA effeotbé rather sub-lethal to larvae merely
extending single larval stages or the entire lapyadse than affecting overall survival (e.g.
Stumpp et al. 2011).

While calcifying organisms are typically more atfeat by OA than non-calcifiers
(Kroeker et al. 2010) highly mobile organisms sashteleost fish (e.g. Checkley et al.
2009; Munday et al. 2009), cephalopods (e.g. Gutaves al. 2010a, b; Hu et al. 2011) or
crustaceans (e.g. McDonald et al. 2009; Fehserfetd. 2011; Appelhans et al. accepted
in Marine Ecology-Progress Series) appear to bergdlg more tolerant of OA (discussed
in Portner 2008; Melzner et al. 2009; Ries et B0 Kroeker et al. 2010). Some species
have been demonstrated to even express higheficaion rates under OA conditions
(Wood et al. 2008; McDonald et al. 2009; Gutowskaale 2010a). Beyond these first
general estimates of OA impacts on single marinecisg, predictions for OA based
changes in future marine ecosystems are diffiéufirst comprehensive community-based

mesocosm study, demonstrated a shift in the comgtmiards a lower diversity under
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OA with molluscs being most affected while anneldsarthropods were rather tolerant of
OA (Hale et al. 2011).

The responses to OA 8.2
however, seem to be highly . '8
o 7.4
species-specific (Kroeker et al.T 70
2010) and acclimation (e.g. Form ZZ’
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show an inverse correlation Figure 1.7 Variation in pH (mean pH + s.d.: cross bars; ranges

between the degree of GO dotted lines), percentage cover of calcareousn(tés) and non-
calcareous algae (circles) and abundance of séénardimpets and

mediated acidification and the bamacles at COvents south of Ischia, Italy (from Hall-Spencer et
occurrence of calcifying organismsal' 2008).
such as calcareous algae, sea urchins, limpetaroadles (Hall-Spencer et al. 2008; Fig.
1.7). In regions where calcifying organisms weresesih, sea grass species or non-
calcareous algae became dominant, representimgregshift in the ecosystem community
under acidified conditions. One major issue regaydhese natural CQrvents is, however,
the large pH variability around the discussed mesnes of 8.14, 7.76 and 6.47, casting
some doubt on these specific zones for assessingftiict of future OA (Riebesell 2008;
Kerrison et al. 2011). Furthermore, these naturatliglified areas are rather small scaled
and gene drift from adjacent areas might hampal Ipopulations to adapt to OA. Thus,
naturally large scale acidified areas could be aensmitable choice to examine possible

future community changes in an acidified ocean (iiéen et al. 2010).



Introduction

1.3. Warming and Eutrophication

Stress effects such as OA will, particularly in ésnof global change, not act alone
but in combination with additional stressors suslwarming or desalination (Harley et al.
2006). Multiple stressors can act additively, aotastically or synergistically and it will
be an important task to investigate multiple swesffects on organisms’ performance, in
order to reliably predict future ecosystem chan@zeslawski et al. 2005; Wahl et al.
2011).

Observations since the 1960’s show that the avetaggerature of the global
ocean has increased to depths of 3000 m and tllatéathe ocean has absorbed more than
80% of the heat added to the global climate sysfg€C 2007). Global sea surface
temperatures have thus risen in the past centufyto 0.8 °C and are expected to further
increase (IPCC 2001; 2007). Warming affects thendhoce or distribution of single
species and has the potential to alter pelagicbha&mthic marine ecosystems (Harley et al.
2006; Rosenzweig et al. 2008). Warming and OA Haeen reported to act in synergy
with regard to marine ectotherms (O’Donnell et28l09; Pértner 2008; Portner and Farrell
2008; Parker et al. 2010; Portner 2010). Waltheal.e2010) showed e.g. that severe OA
(3000 patm) narrows the thermal tolerance windowaddlt crabs Hlyas araneus In
contrast, recent studies by Brennand et al. (2@bd)Waldbusser et al. (2011) show that
warming can also mitigate negative effects of OAtlom growth of sea urchin larvae and
on the calcification of oysters.

An obvious ecosystem response to eutrophicatidineiggreening of the oceans due
to algal growth in direct response to nutrient @mment. The most common effects of
eutrophication on marine ecosystems are perceigsadcaeases in the abundance of algae
and aquatic plants but also as the occurrencecpéasingly severe toxic phytoplankton
blooms (Smith et al. 1999). Thus, eutrophication lemd to far-reaching ecosystem shifts
with substantial economic effects (Smith et al. 999n coral reefs, increased nutrient
inputs can lead to shifts from coral-dominated tgalbdominated communities (e.qg.
Chazottes et al. 2002). A further serious threatnfreutrophication is the decrease in
dissolved oxygen levels in bottom waters, whiclsesiwhen planktonic algae die and lead
to increasing microbial respiration in bottom watgdDiaz and Rosenberg 2008 and
references therein). Declines in dissolved oxygea t eutrophication was first observed
in many coastal habitats worldwide in the late 195ter starting the extensive use of
industrially produced nitrogen fertilizer. Sinceetmid of the 28 century, the number of
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dead zones worldwide has approximately doubled ekdade (reviewed in Diaz and
Rosenberg 2008). Although, large differences incigseresponses to OA have been
observed between eutrophic and oligotrophic codsaditats (e.g. Hall-Spencer et al.
2008; Thomsen et al. 2010), the interactive effe€energy supply and OA have however,
rarely been tested in empirical studies to dateonigen et al. (under review in Nature
Climate Change) investigated the impacts of enstupply and OA on the musgédltilus
edulisand concluded that available energy was the maerdaffecting calcification and
growth.

1.4. Study Areas

The Skagerrak and Kattegat with an overall areaboiut 61 000 kinconnects the
North Sea with the Baltic Sea (Fig. 1.8). The Skelereaches a depth to 700 meters at
the Norwegian Trench. The Baltic Sea is a semiemad marginal sea with an overall area
of about 387 000 kfand an average depth of only about 55 m. The Lahddeep
represents the deepest part with a maximum of 45Bue to limited exchange of water
masses with the North Sea and strong terrestriadffias well as net precipitation, the
Baltic Sea exhibits a gradual salinity decline gl@awest to north-east gradient. Salinity
values range between 30 in the Skagerrak to 2BdrKattegat and reaches down to 2 in
the Gulf of Finland or the Gulf of Bothnia. Salwitevels also vary with depth. The
boundary between less dense and less saline susMaises and saltier deep waters is
known as the halocline, which lies at a depth betw€0 and 80 m. In summer, an
additional thermocline divides surface waters iatwvind-mixed surface layer (down to
10-25 m) and a deeper, denser and colder layern(dowhe seafloor or the halocline;
HELCOM 2003). This strong stratification inhibitset vertical exchange of water masses
and thus of dissolved or gaseous compounds.

In the Kiel Fjord e.g. (located in the Kiel Bighh ithe western Baltic Sea),
stratification during summer can lead to hypoxiaditions in bottom water (Thomsen et
al. 2010), mainly driven by the heterotrophic delgtéon of sedimented plankton blooms
(Hansen et al. 1999; Broecker 2003). This processtompanied by an increase inxa&
and a decrease in the seawater pH. Wind-driven lipgg@vents of saline and cold deep-
water masses can lead to acidified conditions allelv marine habitats (Vincent Saderne
pers. commun.). ThupCGO, and pH levels in the Kiel Fjord already today pdically
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exceed values predicted to occur in the open obgdhe end of this century (Thomsen et
al. 2010). While annual megCO, values of 969 patm and an annual mean pH of 7.76
have been measured (Thomsen 2012), pG&, in shallow waters can even fluctuate
between 100 and 2700 patm with pH fluctuations & @ 8.4 over the year (JOrn
Thomsen pers. commun.). This particularity of calagione chemistry may not only
anticipate future OA as predicted in current modelg. Caldeira and Wickett 2005; Orr et
al. 2005), but may also further amplify acidifieatidriven by atmospheric GQuptake.
With a doubling of current atmospheric €@oncentrations, periodical seawaf0O,
values of even 400@atm can be expected in the Western Baltic Sea (Melet al. 2012).
Seasonal hypoxia is a natural process in this butancreasing eutrophication further
enhances productivity and thus amplifies oxygenledtem and temporal acidification
(Babenerd 1991; HELCOM 2003, 2009; Conley et a7ZJ0Hypoxic zones are spreading
(Diaz and Rosenberg 2008; Zillén et al. 2008) amdgd-scale upwelling of acidified water
has been reported in other regions (e.g. Feely. &088, 2010) and, thus, estuaries and
coastal marine habitats such as the Baltic Seanare susceptible to changes in pH than
open ocean waters.

The Baltic Sea, as an enclose|

marginal sea, makes it highly
sensitive to eutrophication.
Eutrophication is a phenomenon o
the recent past and since the 1950
the surplus nitrogen due to agriculture
has approximately tripled within the
Baltic Sea region. Eutrophication has
been demonstrated to

Baltic Sea

biomass (manly macrozoobenthoy ™%
, , 0,
above the halocline), which already

Figure 1.& The Skagerrak, the Kattegat and the Baltic Sea as
seen from the SeaWiFS satellite (NASA/Goddard Spdight

30's however to the 1990s (Th Center, GeoEye) on 1 April 2004 (from The BACC autteam
2008)

BACC author team 2008). Since the
mid-1980’s however, eutrophication has stopped roreiase in the Baltic region
(Rheinheimer 1998; The BACC author team 2008). 8n though there have been

increased five-fold from the 1920’s
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dramatic changes in agricultural policy and pragisince the 1990’s, the quality of the
Baltic Sea has not significantly improved to dated BACC author team 2008). The Kiel

Fjord as a habitat with additionally substantigeriinflow, thus, it still represents a highly

eutrophied habitat (Nausch et al. 2011). Eutroglinahas already effected species
composition and abundance within the Baltic ec@sysand due to the characteristics of
the Baltic Sea with limited exchange of water masgigh the open ocean, there will likely

not be considerable changes in the eutrophicatainsover the next decades.

Projected future warming within the Baltic Sea hagjenerally exceeds the
predictions from global climate model simulationg bp to 50% with temperatures
expected to increase within the Baltic Sea by 3 &€ within the next 100 years (Meier
2006; HELCOM 2003, 2007; The BACC author team 2008k likely threats to local
marine communities (Harley et al. 2006; Rosenzwetigl. 2008).

Due to the strong salinity gradient from the Skagjeto the Gulf of Bothnia, the
Baltic Sea is characterized by a transition fronringato few “true” brackish species and
further to freshwater species. Thus, compared hercaquatic ecosystems only relatively
few species occur in the more brackish ecosystdrtteedaltic Sea. This limited number
of species as well as the appearance of singlespegies makes the Baltic Sea a unique
ecosystem (HELCOM 2003). Salinity in the Kiel Fjofldcated in the Kiel Bight in the
western Baltic Sea) ranges between 10 and 20 wigmaual mean of about 15 in shallow
waters. In this habitat, the two benthic filter dees Mytilus edulisand Amphibalanus
improvisusdominate large areas of the hard-bottom benthasystem (Enderlein and
Wahl 2004; Dirr and Wahl 2004). The two dominantstonersCarcinus maenasnd
Asterias rubengredate on mussels and barnacles (Enderlein arnd 2084, Reusch and
Chapman 1997). Future changes on the interactietvgelen these few key-species could
have remarkable impacts on the entire ecosystem.

The less frequent occurrences of oxygen minimumegp@as well as the close
connection of the Skagerrak to the Atlantic oceaggssts that the Tjarn6 Archipelago
would be less variable in carbonate chemistry coptpto the Kiel fjord and Baltic Sea.
Although long-term data sets are not availabldiatpoint, this has been reported in earlier
studies (Larsson 2010) and was also confirmed byehlzand et al. (unpublished data).
Seawater pH in shallow habitats, as documenteat®, @an vary in the range of 0.3 pH
units on a daily basis, but it rarely falls belowl 8.1, at least during the period
investigated (April to Mai; Larsson 2010). The H@rarchipelago has a tidal range of 0.3

m and consists of rocky shores and islands, fratjarerrupted by shallow, soft-bottom

12



Introduction

bays and fjords (Jonsson et al. 2004). The salandyind Tjarné is around 25 and thus, in
average, about salinity 10 units higher than inKie¢ Fjord. The Skagerrak is furthermore
characterized by much higher species diversity tmg more complex networks of
interactions between species. The disappearaneesoigle key-species might therefore
have less severe effects on community structures siiches can be easily overtaken by

other species.

1.5. Barnacles as Model Organisms

Globally barnacles are ecologically important estsyn components (Foster 1987,
Leppakoski and Olenin 2000) and are abundant withim species poor Baltic Sea
(Berntsson and Jonsson 2003). Published studiegesughat environmental shifts
affecting barnacle growth such as warming and fawdilability (Stanford and Menge
2001; Skinner et al. 2007) or OA (Findlay et al1@6) will likely affect recruitment and
population dynamics of barnacles. Since barnaadlescammercially relevant biofoulers
and adequate model organisms to investigate thmmess to environmental stressors in
different life stages, they have been widely usedxperimental studies over many years
(reviewed in Briand 2009).

The barnacle specieAmphibalanus
1854)
(Pitombo 2004) can be found in shallow

(Balanus) improvisus (Darwin

adult
tidal or non-tidal areas worldwide in oceanit

y.

benthic ’

and brackish waters (Foster 1987; Oleni = ene  (recruitment) @ R
/7 \
and Leppakoski 1999) but this species he i //' pelagic ‘1/
also been found in depths of up to 50 metet X ,’/ Sl m
% /7
In the Baltic SeaA. improvisuswas first oYDiEa: A
= VI Vg
recorded in 1844 (Leppékoski and Olenil S R: & iV sV
A €k \

2000), ten years before the species formal Rt
in 1854A.

improvisus originates from North America

was described by Darwin

Figure 1.€ Life cycle of Amphibalanus (Balanus)

and was most likely introduced to the Balt
region through hull
(Leppéakoski and Olenin 2000). Today th

fouling on ship:

improvisusillustrating 6 pelagic nauplius stages, the
non-feeding cypris stage and the benthic juvense a
well as adult stage (modified from Jones and Crisp
1954 and http://origin-ars.sciencedirect.com).
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species occurs from the Gulf of Bothnia and GulfFofland to the Swedish west coast
(Jansson 1994).

A. improvisus mainly recruits during summer and early autumn bBbhbws
occasional recruitment throughout the year (Beamsand Jonsson 2003; Thomsen et al.
2010). While most barnacles are cross-fertiliziegnmaphroditesA. improvisushas been
shown to sometimes self-fertilize (Furman and Y@®@90). Fertilization takes place
internally and egg masses develop within the mardlgty. Single barnacle individuals
thereby release about 1000 to 10 000 larvae. Egigh las free-swimming stage-I nauplius
larvae and develop into stage-Il nauplii within 34 Thiyagarajan et al. 2003)auplii
mainly feed on diatom algae (Nasrolahi et al. 208@)l pass through six larval stages
before they metamorphose into a non-feeding cypns (Jones and Crisp 1954), which
settles and metamorphoses to the juvenile barifjpot-larva; Fig. 1.9). Barnacle cyprids
are highly specialized to search for suitable esettint substrates and are therefore
equipped with highly complex sensory organs (Ahéle2010). The cypris larva lacks any
feeding organs and is thus depended on the enesgyve, which it accumulated during
the nauplius phase and stored in fat cells untileseent (Thiyagarajan et al. 2002, 2005).
Settlement of cyprids depends on parameters sudulastrate characteristics, turbidity,
biofilms or the presence of conspecifics (Maki &t #988; Dineen and Hines 1992;
Berntsson et al. 2004; Larsson and Jonsson 20G8pMai 2007). Juveniles start feeding
on phyto- and zooplankton about 4 to 5 days a#tdtesnent and grow rabidly to the adult

barnacles reaching maturity within a few monthsiyabarajan et al. 2003; McDonald et

al. 2009). Barnacles moult every 2 to 3 days arttl age, forgum
the relation of the shell to body size naturallgreases 2
i carino= éarino-
leaving space for egg development (Costlow and Book / atoralt) latoral
1957). : ;
Juvenile and adult barnacles consist of six plat
. i lateral lateral
represented in Fig. 1.10. The rostrum and the olagéarals '
are in this species merged to one single plate. plages
rostrum
consist of CaC@ and organic components with organit and

_ _ _ rostrolaterals ‘scutum
material merely representing a proportion of uB% and

. . . . e in
the CaCQin A. improvisusas in most barnacle species is Ligure 1.1C llustration of shell

form of the more stable calcite (Barnes et al. 1Btfurget plates of Amphibalanus (Balanus)
improvisus (modified from

1987; Findlay et al. 2010a). The plates are covéne@dn Rainbow 1984).
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epicuticula while longitudinal canals go through e thplates (Rainbow 1984).

Biomineralization in barnacles takes place betwberinner side of the shell plates and the
mantel epithelium (Fig. 1.11) and is assumed tproeessed by specialized cells present
in the outer mantel epithelium (Rainbow 1984; Asder 1994; Gohad et al. 2009). The
basal plate attaches the barnacle to the subsiteeto the secretion of proteinaceous

cement by the cement gland (Rainbow 1984).

feeding legs(cirri) mouth stomach

e

mantle mantle intestine testis cement egys
cavity gland

Figure 1.11 Semi-diagrammatic sagittal section Amphibalanus (Balanus) improvis@siodified from
Jones and Crisp 1954 and http://origin-ars.scieneeiccom).

Following the terminology of Kinne (1964A,. improvisuss a euryhaline species,
i.e. being able to successfully perform in waterdibons ranging from fresh water to fully
marine seawater (Luther 1987; Fyhn 1976; Leppéakasti Olenin 2000; pers. obs.). This
species is furthermore capable of tolerating lowgen concentrations and even strong
habitat pollution (Leppékoski and Olenin 2000). @odhet al. (2009) describes all life
stages ofA. amphitriteto possess chloride ion rich epithelia with a éaggptential for
active ion transport. Although most barnacle speare osmoconformer8, improvisuss
thought to be partly capable of hyperosmotic regutaof the haemolymph and the cell
volume in waters below 500 mOsm (Fyhn 1976). Thent@ymph osmolality (measure of

the moles of solute per kilogram) in the experirsédnt Fyhn (1976) never reached below
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100 mOsm. There are to date, however, no studiasable illustrating the haemolymph
pH of A. improvisusIn the gooseneck barnadtellicipes polymerus haemolymph pH of
down to 7 was measured in submerged animals bensgily similar to that inA.
improvisus(Fyhn 1976 and references therein).

In the study by Powers (1920) it was suggestedtlimatibundance and the average
size of species such as barnacles are dependegti ealues present in the surrounding
environment. Empirical studies on barnacles’ pentmmce under OA are rare (presented in
Table 1.1) but recently experiments have been adeduwith the barnacleEIminius
modestugFindlay et al. 2010a%emibalanus balanoidemnd (Findlay et al. 2009, 2010a,
b) andA. amphitrite(McDonald et al. 2009). Juvenile to adHlt modestusuffered from
reduced growth rates under OA (pH 7.7, 1100 pp@®,) while survival and shell
composition were not affected (Findlay et al. 201@arvival and shell-calcium content of
juvenile S. balanoidegsouth UK population) were significantly reduceddar OA (pH
7.7, 1100 patnpCOy,; Findlay et al. 2009) and under the combinatiomvafming (+4 °C)
and OA (pH 7.7, 1100patpCO,) while growth was not significantly affected (Fiag et
al. 2010a). Growth and survival of juveni balanoidegSpitsbergen population) were
negatively affected under OA (pH 7.7 and 7.4, 1460 2400 patmpCO,) while the shell
composition remained unaffected (Findlay et al. @01 JuvenileA. amphitriteexhibited
increased growth and calcification in basal regiohshe shell plates and thus stronger
attachment to the substrate while older regionhefplates showed reduced shell strength
under OA (pH 7.4; McDonald et al. 2009). Fertilinat in barnacles has not been
investigated to date but the embryonic developnén®. balanoidesvas significantly
delayed under OA (pH 7.7 and 7.4, 1100 and 24001 p&0O,; Findlay et al. 2009). Larval
condition, cyprid size, cyprid attachment and metgrhosis as well as juvenile to adult
growth and egg production &. amphitritewere not affected by OA (pH 7.4; McDonald
et al. 2009).

Temperature strongly affects barnacles’ larval tgweent with a generally
enhanced development under elevated temperatugesAf@l and Kurian 1996; Qiu and
Qian 1999; Thiyagarajan et al. 2003; Desai and &004; Nasrolahi et al. 2012). In
juvenile and adult barnacles however, increasedpéeature rather induces negative
responses with reduced growth rates or survivaldlgy et al. 2010a, b). Barnacles such as
A. improvisugan be particularly abundant in eutrophied harbehere its abundance can
be one or two orders of magnitude greater thanamral environments (Vuorinen et al.

1986). Thus, barnacles seem to generally benefit fiigh energy supply and might as the
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consequence be competitive with other benthicrfigeders such as the mustitilus
edulisunder these conditions.

Table 1.1: Overview of the experiments available on the peartmce of barnacles under OA stress.

species pCO, (pH) levels start origin barnacle collection duration reference

[uatm, pH units]
Semibalanus 12°C: 346, 922 23" November 2007 south UK - 15 weeks Findlay et al. 2009
balanoides (8.07, 7.70)

investigated parameters: post-larval survival and shell mineralogy (Ca, Mg, Ca:Mg ratio), embryonic development

significant effects under OA: 22% lower post-larval survival, changes in the post-larval mineral structure of shells (Mg decrease), slower

embryonic development rates
non-significant trends under OA: -

15°C: 409, 1132 30™ April 2007 south UK 1 week old post- 4 weeks Findlay et al. 2010a
(8.05, 7.73) larvae from the field

20°C: 423, 1109

(8.07,7.71)

investigated parameters: post-larval survival, growth and shell Ca content

significant effects under OA: -

non-significant trends under OA: reduced survival by 10-25%, reduced growth by 73% under 15°C, slightly reduced shell Ca content

5°C: 352, 1086, 2429 4" August 2008 Spitsbergen 1 week old post- 3 weeks Findlay et al. 2010b
(8.12, 7.68, 7.35) larvae from the field

9°C: 343, 1060, 2448

(8.14, 7.71, 7.36)

investigated parameters: post-larval survival, growth and shell mineralogy (Ca, Mg, Ca:Mg ratio)

significant effects under OA: reduced post-larval growth by 33/72% (in 5°C) and by 61/83% (in 9°C)

non-significant trends under OA:

Elminius 15°C: 413, 1076 13" August 2007 south UK 1 week old post- 4 weeks Findlay et al. 2010a
modestus (7.96, 7.73) larvae from the field

20°C: 412, 1075

(7.98,7.73)

investigated parameters: post-larval survival, growth and shell Ca content

significant effects under OA: reduced growth rates by 43% (in 20°C)

non-significant trends under OA: slightly reduced shell Ca content
Amphibalanus 25-28°C: - August 2008 North Carolina, USA freshly hatched 1 week (larvae) McDonald et al.
amphitrite (8.2,7.4) nauplii from the lab 11 weeks (post- 2009

larvae)
investigated parameters: larval development, cyprid size, cyprid settlement, juvenile to adult growth, egg production, adhesion
strength, shell strength
significant effects under OA: 19% increased adhesion strength, increased CaCO3 levels in basal plates, decreased shell strength
non-significant trends under OA: increased growth rates
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Introduction

1.6. Objectives and Hypotheses

Although most OA research on barnacles and on otizme species to date has focussed
on single rather than multiple stress effects (&#gDonald et al. 2009) and on single
rather than consecutive life-history stages (eigdly et al. 2010a, b) it is of high
importance to consider, especially in the fatelobgl change, multiple stress scenarios in
ecological experiments on the response of the eettifie cycle of a species to these

predicted changes.
In the present study | hypothesized that:
H1: OA will affect the performance of differentdihistory stages of the

barnacleA. improvisus

H2: Early life-history stages of the barnade improvisusare more
vulnerable to OA than adult stages.

H3: Predicted warming will enhance OA effects dme tbarnacleA.
improvisus
H4: Food availability will affect the capacity @&. improvisusto cope

with future OA.

H5: Stress effects will be carried over from p#&serto their F1
generation.
H6: Barnacle populations from fluctuatip@O, environments are more

tolerant to OA than barnacles from more stg@€©, habitats.
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2. General Materials and Methods

Six main experiments were conducted between JuB82ihd December 2011
summarized in Table. 2.1. The first experiment wasducted on the development of
nauplius and cypris larvae from the Kiel Fjord (545N, 10°09.0°'E) under different
temperature and OA conditions (Table. 2.1: E-1kirilar but slightly simplified setup of
the experiment was used to investigate the devedopof nauplius larvae from the Tjarn6
Archipelago (58°52.5'N, 11°08.1°E) under differe@A conditions (Table. 2.1: E-2).
Juvenile barnacles from Kiel Fjord were studied emdifferent temperature and OA
conditions in two subsequent experiments in a ‘fbatdture” and a “water-flow through”
setup (Table. 2.1: E-3+4). To investigate juverleimprovisusresponse to OA under
different food regimes on, two parallel experimentye conducted with individuals from
the Kiel Fjord and the Tjarnd Archipelago (Tablel:ZE-5+6).

Table 2.1 Overview of the conducted experiments and experiaigparameters investigated.

] T =) € . 4]
= S ] = ]
€ g i g 2 3 o8 5 T @ s 2 c 5 8 5
2 3 S & = S & S5 g ¢ c 5 & € g o L5 =3
£ e £ 5 < g sS85 2 S 2 o o £ 5 5 g ®
= - S e BB o =35 © E=I ] s = © 8 @ 2
@ [ =0 [s) 17 S5 O — 5 E ® > [l © 7 =
£ £ ] c £ < st g & ] 5 8 g3 g s E
] = X [ = £ g o = € © 2 o X Q a
3 o £ g a £ e g 3 a
IS ] 8 3
1 Jul-Sep Kiel Kiel Fjord nauplii 400, 20 temperature: PHxgs, 8 (nauplii) survival, larval
2008 and 1250, -8,+7°C Cr, Ar and 4 duration,
cyprids 3250 (cyprids) development
weeks
2 Oct 2009 Tjarné Tjarnd nauplii 8.0, 25 pHyes 1 week survival, larval 1]
Archipelago 7.8,7.6 duration,
development, larval
stage proportion,
larval size
3 May-Sep Kiel Kiel Fjord juveniles 700, 20 temperature: PHxgs, 8 weeks survival, growth, DW, 1l
2010 1000, +4°C pHr, Cr Cl, shell strength
2140
4 Oct-Jan Kiel Kiel Fjord juveniles 620, 20 PHnes, 12 weeks survival, growth, DW, 1]
2010/2011 to adults 1030, pHy, Cr Cl, shell strength
1930,
2870
5 May-Dec Kiel Kiel Fjord juveniles 477, 20 food PHxgs, 20 weeks survival, growth, DW, v
2011 to adults 966, limitation: pHr, Cr AW, Cl, moulting,
2720 -80% reproduction, shell
strength, offspring
fitness
6 Aug-Sep Tjarnd Tjarnd juveniles 562, 20 food PHnes, 5 weeks survival, growth, DW, \Y
2011 Archipelago 1123, limitation: pHr, AW, Cl
3211 -80% pCO,

A barnacle culture was installed with the ability tontinuously obtainA.
improvisusnauplius larvae for the different experiments (FAd.). For this purpose, adult
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Materials and methods

barnacles, either attached to stones or

grey PVC panels (Fig. 2.2), were collecte
from the Kiel Fjord and placed into 15
aquaria with a constant flow-through
filtered (sand filter) seawater at a conste
temperature of 20 °C. The adult barnacl
were fed with brine shrimpsAftemia

saling. Whenever larvae were needed, t
entire system as well as the barnacles its
were cleaned fromArtemia (life and dead

individuals as well as cysts) and other
particles meanwhile theA. improvisus 22,::232 ;?haérgégﬁ\l\“é’,h.ﬁi:_a””s mprovisyeuture
individuals were exposed to desiccation for
two hours. This procedure imposed a certain stiesse barnacles releasing larvae after
re-submersion in the flow-through water system (Rid). Larvae were then obtained by
sieving overflowing seawater through 90um plankbats overnight (Fig. 2.1). Existing
barnacle culture facilities in Tjarnd, Sweden pdad nauplius larvae for the Tjarno
experiments.

To obtain freshly settled

barnacles for the “juvenile”

experiments, settlement panels were
exposed to natural colonisation in the
habitats of interest for two weeks in
1.5 meter water depth (Fig. 2.2). The

panels to be used in the corresponding

experiments were covered by a wider
Figure 2.2 Collection of juvenile barnacles on PVC panelsgrey PVC panel to prevent detritus and
within the Kiel Fjord or the Tjarnd Archipelago. settlement of barnacles and other
organisms on the upwards-facing side of the paibis procedure also prevented
settlement of algae due to the reduced light ab#itiaunderneath the panels.
In the first experiment (E-1), nauplius as well@gpris larvae were investigated

under different temperature and OA stress. Theedtuee temperature (12, 20 and 27 °C)
and threepCO, treatments (400, 1250 and 3250 patm) were apjptieal fully crossed

experimental design with 8 replicates each (foraitketsee Table 2.1; Fig. 2.3 and
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Materials and methods

publication 1). The experiments were run in 6-wadtes, filled with 8 ml filtered (0.2 um)
seawater in equilibrium with an overlying atmosghef differentpCO, concentrations.
This was achieved by placing the 6-well plates s#aled 2 | plastic aquaria, which were
filled with 1.5 | seawater and aerated with presat air of ambient or enrichquCO,
concentrations. A central gas mixing facility ae tSEOMAR, Kiel (Linde Ga% HTK
Hamburg, Germany) provided and air flow with fixp@0O, concentrations of 1400 and
4000 ppm. Ambient untreated air was used to a¢natécontrol” aquaria. The 2 | aquaria
were additionally placed in temperature baths (10§lass aquaria) at the treatment
temperatures (Aqua MedicGermany). The water within the water baths wasstantly
mixed (common aquarium pump) to avoid any tempegaguadients within the baths.

The experiment on nauplius larvae from the Tjarméhpelago (E-2) comprised a
similar but slightly reduced setup system whereatempCO, was manipulated by adding
pure gaseous GQusing computerized pH controllers (NBS scale, ltggm: 0.01 units,
Aqua Medic GmbH, Germany; for details see Tableahd publication Il). Temperatures

of 25 °C were chosen for reasons of comparabilitit aiready existing data sets.

4 4

Figure 2.2 Scheme of the experimental setup of the Kiel lagaauplii and cyprids) experiment: Nine 100 | glas
aquaria were set to one of the three experimeatapératures. Each contained six sealed 2 | plagtiaria. 6-well
plates were placed into the 2 | aquaria floatindfittered seawater, which was aerated with pregedriir of fixed
pCO, concentrations. Single wells of the 6-well platesre filled with filtered seawater + 20 nauplii @ cyprids
(dark grey well) or filtered seawater only, left fwater replacements (light grey well).
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Materials and methods

In the third experiment (E-3), juvenile barnaclesrevreared in 1 | plastic beakers
under temperature and OA stress (for details sédeTAl; Fig. 2.4 and publication III).
The plastic beakers were aerated with pressurirgulest air or air of fixed (see above)
pCO, concentrations of 1120 and 4000 ppm. The 1 | isldstakers were additionally
placed in temperature baths (see above) set at®Q4°C. Each treatment was replicated
8 times. Two PVC panels were placed in one beak@rssvapped between beakers every
second day while the water in the remaining beakes exchanged and left to equilibrate
to the target temperature ap@o..

Figure 2.4 Scheme of the experimental setup of the first Kieénile experiment: eight 100 | glass aquaristseine

of the three temperatures and constantly mixed artlquarium pump contained twelve 1 | plastic beakach. The
plastic beakers were aerated with pressurizedfdixed pCO, concentrations. The panels were swapped between
beakers every second day while the water in thairéng beakers was exchanged and left to equigli@the target
temperature anpCO.,.

In the fourth experiment (E-4), juvenile barnaclgere reared in 3.7 | plastic
aquaria under OA stress at 20 °C (for details s##elr2.1; Fig. 2.5 and publication 11).
The plastic aquaria were aerated with pressuriralient air or air of fixed (see above)
pCO, concentrations of 1120, 2400 and 4000 ppm. Easgdirtrent was replicated 5 times.
Filtered (sand filter) flow-through seawater frone tKiel Fjord was pumped into a storage
tank of 250 | (aerated and tempered) and furthemgad into a header tank of 60 | (set at
20 °C; Aqua Medi€, Germany) from which the water ran into the 3.3ehled plastic
aquaria. Two panels were screwed together (barmadie@duals facing to the inside) and
placed into the plastic aquaria.
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The fifth and the sixth experiment (E-5+6) were dwocted in a similar
experimental setup as the fourth experiment (famitse see Table 2.1; Fig. 2.5 and
publication 1V) in Kiel as well as in Tjarn6. Thdaptic aquaria were aerated with
pressurized ambient air or air of fixp€0O, concentrations of 1120 and 4000 ppm in Kiel
(see above). The experiment in Tjarn0 comprisedrdlas setup system wherein water
pCO, was manipulated by adding pure gaseous G€ng computerized pH controllers
(NBS scale, resolution: 0.01 units, Aqua Medic GmbBermany, IKE Computer
Systeme GmbH, Germany) at nominally 1000 and 3CGéhpCO, (for details see Table
2.5 and publication 1V).

Figure 2.E Scheme of the experimental setup of the seconldjikienile experiment equipped with a

flow-through water system: sand filtered seawa®W) was pumped into a storage tank of 250 |
(aerated and tempered) and further pumped intcadeneank of 60 | (set at 20°C) from which the
water run into 3.7 | sealed plastic aquaria whigrenmdirectly aerated with pressurized air of fixed
pCO, concentrations. Two panels were screwed togetheplaced into the plastic aquaria (barnacle

individuals facing to the inside).
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Abstract

The world’s oceans are warming and becoming maidkcadBoth stressors, singly
or in combination, impact marine species, and ewgaffects might be particularly serious
for early life stages. To date most studies hacesed on ocean acidification (OA) effects
in fully marine environments, while little attentichas been devoted to more variable
coastal ecosystems, such as the Western Baltic Seee natural spatial and temporal
variability of environmental conditions such asrsgy, temperature opCO, impose more
complex stresses upon organisms inhabiting theialts, species can be expected to be
more tolerant to OA (or warming) than fully marinexa. We present data on the
variability of salinity, temperature and pH withime Kiel Fjord and on the responses of the
barnacleAmphibalanus improvisusom this habitat to simulated warming and OA dgri
its early development. Nauplii and cyprids were asqul to different temperature (12, 20
and 27 °C) angCO, (nominally 400, 1250 and 3250 patm) treatments3fand 4 weeks,

respectively. Survival, larval duration and set#insuccess were monitored. Warming
affected larval responses more strongly than Ogérelmsed temperatures favoured survival
and development of nauplii but decreased survivatyprids. OAhad no effect upon
survival of nauplii but enhanced their developmanhtlow (12 °C) and high (27 °C)
temperatures. In contrast, at the intermediate ¢eatpre (20 °C), nauplii were not affected
even by 3250 patrpCO,. None of the treatments significantly affectedleetent success
of cyprids. These experiments show a remarkabégante ofA. improvisudarvae to 1250
pnatmpCO,, the level of OA predicted for the end of the centur

Introduction

Persistent anthropogenic G@®missions have led to increased ,G{take by the
oceans (IPCC 2007; Sabine et al. 2004). Dissolv®g d&creases the pH of the ocean, a
phenomenon called ocean acidification (OA) (Feelsle2004; Orr et al. 2005). Since the
industrial revolution, oceanic pH has dropped bgrhye0.1 units (Caldeira and Wickett
2005; Orr et al. 2005). Modelling predicts a droseawater pH by 0.3 to 0.4 units by the
end of the century and a drop of 0.7 to 0.8 by 2@68chingpCO, values of about 1000
and 2000 patm, respectively; Caldeira and Wicke®52 IPCC 2007; Orr et al. 2005). OA
could directly affect vital biological processesdandirectly alter fundamental structures
of pelagic and benthic marine ecosystems (Harley. &006; Riebesell 2008).
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Over the past 10 years, a large number of studige heported on impacts of OA
on marine invertebrates (reviewed in Doney et @2 Dupont et al. 2010a; Fabry et al.
2008). However, although early life stages are ghbuto be more sensitive to
environmental stressors (Dupont et al. 2010a, Iss@lon and Qian 1997; Kurihara 2008),
only few studies have investigated OA effects dyrgarly ontogenetic development. In
brittlestar Ophiothrix fragilig larvae Dupont et al. (2008) observed dramati@c$f
(100% mortality) under a 0.2 unit decrease in pesd.dramatic or no effects of OA were
observed in other studies (e.g. oyster sperm rmyotilavenhand and Schlegel 2009;
copepod performance and reproduction: Kuriharalahonatsu 2008; growth of sea star
larvae: Dupont et al. 2010c).

The first comprehensive meta-analyses detectedpriedntly negative but highly
variable responses of invertebrates to OA (Duporal.e2010a, b; Hendriks et al. 2010;
Hendriks and Duarte 2010; Kroeker et al. 2010)ciBahg organisms are typically more
affected by OA than non-calcifiers (Hendriks et2010; Kroeker et al. 2010), and highly
mobile organisms such as cephalopods or crustacssem to be less sensitive to OA
(Gutowska et al. 2010; Kroeker et al. 2010; Melzeteal. 2009; Portner 2008; Ries et al.
2009). Responses to OA seem to be, however, hggdgies specific or habitat dependent.
Polar species, which are naturally exposed to eaelosaturation of CaCOand more
variation in pH, are arguably better adapted to t@@n their counterparts from the tropics
(Andersson et al. 2008; Clark et al. 2009; see Blapont et al. 2010a). Dupont et al.
(2010a) go even further and debate that echinodarwae, which are released into
seawater with a naturally high variability in pHanccope better with predicted OA than
larvae normally experiencing more stable pH coodsgi (see also Byrne et al. 2009;
Dupont et al. 2008).

In the Baltic Sea, stratification during summer dead to hypoxic conditions in
bottom water, mainly driven by the heterotrophigmeation of sedimented plankton
blooms (Diaz and Rosenberg 2008; Shim et al. 2003ptton et al. 2008). This process is

accompanied by an increase in dissolved,.G&ind-driven upwelling events of saline and

cold deep water masses can, thus, further leaditifiad conditions in shallow marine
habitats. River discharges of acidic water canhfuriexacerbate acidification in estuarine
and coastal habitats (Salisbury et al. 2008). ThG€), levels in the Kiel Fjord even today
periodically exceed values predicted to occur @ dpen ocean by the end of this century

(Thomsen et al. 2010). Hypoxic zones are spreadmayz and Rosenberg 2008) and large-
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scale upwelling of acidified water has been rembiteother regions (e.g. Feely et al. 2008,
2010). These particularities of coastal zone chieynmay not only anticipate future OA as
predicted in current models (e.g. Caldeira and \&ficR005; Orr et al. 2005), they may
also further amplify acidification driven by atmdspic CQ uptake (Borges and Gypens
2010; Feely et al. 2010; Miller et al. 2009; Salisbet al. 2008). With a doubling of
current atmospheric GQconcentrations, periodical seawafg O, values of even 4000
patm can be expected in the Western Baltic (Melehet. 2012).

While in locally acidified areas such as volcani©,Grents (Hall-Spencer et al.
2008) adaptation to acidified conditions may bedened by gene flow from adjacent non-
impacted areas, adaptation seems possible where eéagions such as the Baltic Sea
feature (temporarily) acidified conditions. Popidas adapted to pH fluctuations in these
coastal habitats may, thus, exhibit reduced seitgito predicted acidification.

OA will not act alone but rather in synchrony wither predicted environmental
shifts such as warming. In the Baltic Sea annuammeater temperatures are expected to
increase by 1.9 — 3.2 °C within the next 100 yéatee BACC author team 2008; Meier
2006). Warming impacts the abundance or distrilutid single species and has the
potential to alter pelagic and benthic marine estesys (Harley et al. 2006; Rosenzweig et
al. 2008). Warming and OA have been reported taraslynergy with regard to marine
ectotherms (O’Donnell et al. 2009; Pértner 2008t and Farrell 2008; Parker et al.
2010; Portner 2010). Walther et al. (2010) showet severe OA (3000 patm) narrows
the thermal tolerance window of adult crablyds araneus In contrast, recent studies by
Brennand et al. (2010) and Waldbusser et al. (2@hbw that warming can mitigate
negative effects of OA on growth of sea urchifrigneustes gratillp larvae and on
calcification in oysters.

The impact of OA on early life stages of barnadias received little attention so
far. Larval stages of the barnackemphibalanus amphitriteseem not affected by OA
(McDonald et al2009), while the embryonic developmentS#mibalanus balanoidegas
slowed under elevatgaCO, (Findley et al. 2009). An empirical model by Fiaglet al.
(2010c), suggests that combined effects of warnang OA will have much stronger
effects than single factors would have on the l@den&emibalanus improvisusVhile
several reports show moderate warming to be beakfmr barnacle larval development
(e.g. Anil et al. 1995; Qiu and Qian 1999; Thiyagan et al. 2003, Nasrolahi et al. 2012),
to our knowledge, no studies have investigatedctmbined effects of warming and OA

upon the early development of barnacles. Indeedst retuidies focused on single rather
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than multiple stressor effects (e.g. Dupont eP@08; McDonald et al2009) or on single
rather than consecutive life stages of organisngs f@ndley et al. 2010a). In the course of
global change, however, multiple stressors wilcbexmon and the fate of species will be
determined by the most sensitive life stages expdgevarious stressors. Additionally,
most OA studies have focused on fully marine emrirents (or open ocean species in lab
cultures) and little attention was given to moreiatsle near-shore ecosystems. To better
understand the possible impact of future OA, wedrteencorporate multi-stress scenarios,
different life stages and fluctuating habitats imor investigations. In this study, we
investigated the sensitivity of two early life stag(nauplius and cypris larvae) of
Amphibalanus improvisus¢rom the highly fluctuating Kiel Fjord to combinans of

predicted future warming and OA.

Materials and methods

A. improvisuscan be found in shallow, tidal or atidal areasldwide in oceanic
and brackish waters (Foster 1987). In the WestaltidBA. improvisuss by far the most
common barnacle species. It mainly recruits dusagimer and early autumn but shows
occasional recruitment throughout the year (Beamtsand Jonsson 2003; present study).
While most barnacles are cross-fertilizing hermaghes,A. improvisushas been shown
to sometimes self-fertilize (Furman and Yule 19%®Xxtilization takes place internally and
egg masses develop within the mantle cavity. Egachhas free-swimming stage-I
nauplius larvae and develop to stage-ll nauplihimit3-4 h (Thiyagarajan et al. 2003).
Nauplii pass through 6 stages before they metanosgpinto a non-feeding cypris larva
(Jones and Crisp 1954), which settles and metarnosgshto the juvenile barnacle (post-

larva).

Abiotic conditions and barnacle settlement withing Kiel Fjord

Salinity, temperature and pbkk measurements were done on monthly cruises
between April 2009 and May 2010 at 4 differentisteg within the inner Kiel Fjord
(54°19.7'N, 10°09.6'E; 54°19.9'N, 10°09.9'E; 54°®N, 10°09.3'E; and 54°19.7'N,
10°09.1°E) and the GEOMAR pier (54°19.5'N, 10°0€pPusing a CTD 60 (Sea and Sun
Technolog§ GmbH). Mean values were calculated for a watetttdep 1 to 1.5 m. To
determine seasonal settlement patterns of macm@p(including barnacles), settlement

panels were exposed to the natural colonizer pothleaGEOMAR pier at a depth of 1 m
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monthly between March 2005 and October 2010. ettt panels were made of grey
PVC (5 x 5 cm) manually roughed using grain-60 papeér to facilitate attachment. After
one-month of exposure, settlement panels were ygeimbked to remove unattached
organisms. Foulers at the downwards-facing sidthefsettlement panels were identified
to the genus or species level and “% cover” ofspkcies (includingh. improvisuy was
estimated for each month (N = 6).

Warming and acidification effects on nauplius and/pris larvae

Experiments were conducted in constant temperabams of the GEOMAR, Kiel,
Germany in late summer 2009. Adult specimens obtraacleA. improvisugattached to
stones) were collected from a subtidal zone in“Behwentine” estuary within the Kiel
Fjord (54°19.7°'N, 10°11.1°'E) when the water haccmperature of 20 °C and a salinity of
10. The barnacles were kept in the laboratorywater flow-through system at 20 °C and
a salinity of 15 for five days and fed daily witmple brine shrimpsArtemia salind. To
obtain fresh larvae, we gently cleaned the adulbdaes under a stream of tap water to
remove anyA. salinaand exposed them to air for 2 h. This procedurddda the release
of larvae after re-submersion. We collected nagplarvae by sieving (90 um mesh)
overflowing seawater over night.

The temperature treatments of 12, 20 and 2arf@CO, treatments of 400, 1250
and 3250 patm (for details see Table 1) were chbseause they correspond to conditions
in the Kiel Fjord today (Thomsen et al, 2010, Rig). Furthermore, they include the shifts
predicted for the coming decades and centuriesGJPZD07, The BACC author team,
2008), and they are supposed to represent — dtitettse case of OA — no, intermediate
and high stress, respectively.

All experiments on early life stages 8f improvisuswere run in 6-well plates
(Greiner bio-on8, Smurfit Kappa GmbH, Neuburg-Germany), filled whml natural
filtered (0.2 um) seawater in equilibrium with amedying atmosphere of differepCO,
concentrations (Fig. 2; see also Egilsdottir e2@09). This was achieved by placing the 6-
well plates into sealed 2 | plastic aquaria, whiahre filled with 1.5 | filtered seawater (0.2
um) and aerated with pressurized air of fiy@2lO, concentrations at ambient, 1400 and
4000 ppm (mean % s.d.: ambient air, 1396 + 34 @73958 ppnpCQO,). The aquaria were
additionally placed in temperature baths at treatmtemperatures of 12, 20 and 27 °C
(Fig. 2). Within each 6-well plate, we used one lwet rearing of nauplii or cyprids

(experimental well; Fig. 2: dark grey well), whilthe other wells were used to
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independently equilibrate filtered seawater (0.2) jonthe respective target temperature
and pCO, conditions (equilibration well; Fig. 2: light grewells). The water in each
experimental well was replaced every other day §has experiment) or every third day
(cypris experiment) by preconditioned seawater ftbenequilibration wells (Fig. 2).

Pilot experiments have shown that a 2 day periogufiicient to equilibrate
seawater within the 6-well plates with the respeghCO, of the surrounding atmosphere.
Additional data on the effects of nauplii respivatior algal photosynthesis/respiration in a
comparable system (with similar larval and food aarirations as mentioned above)
showed the pH within the experimental units to itk laffected by nauplii but rather by
the algal food. Therefore, pH was logged (fKSomputer Systeme GmbH, Germany) in
sealed 2 | plastic aquaria and in modified 50 rbeti(substitute for wells) filled with pre-
equilibrated filtered seawater (0.2 um) in equilibn with an overlying atmosphere at
fixed pCO, concentrations (ambient and 4000 ppm) at 20 °Gyel® min over 24 h (as
equivalent to 24 h post water exchange in the éxygerts; N=3). Mean pH values (mean +
s.d.) in the sealed 2 | plastic aquaria were 8.0404 (aerated with ambient air) and 7.24 +
0.01 (aerated with aipCO, values of 4000 ppm). Tubes which were placed withie
atmosphere of the aerated aquaria showed pH vafu@99 + 0.01 (ambient) and 7.25 +
0.01 (4000 ppm) when they were filled with filtereglawater only and pH values of 8.12 +
0.02 (ambient) and 7.26 + 0.03 (4000 ppm) when liawpre added to the tubes. Tubes
containing nauplii and food showed elevated pH @@ of 8.23 + 0.05 (ambient) and
7.42 + 0.07 (4000 ppm). Thus, tp€0, treatment values chosen for the main experiment
cover a sufficiently wide range with biological &fts to be smaller than the treatment
effects.

Salinity (WTW® Cond 340i equipped with a TetraCoB825 electrode), pH and
temperature (WTW 330i pH meter equipped with a Sentix®giH electrode; NBS scale)
measurements were conducted every 10 days by poaoliater samples from the
equilibration wells (Fig. 2: light grey wells). Adbnal water samples fo€r (dissolved
inorganic carbon) and\; (total alkalinity) measurements were taken thritging the
experiment by pooling water from different equiibon wells as mentioned abovéry
(dissolved inorganic carbon) was determined couttnaly (SOMMA® autoanalyser)
and Ar was analysed by potentiometric titration (VINDTAutoanalyser). Measurements
were corrected using DICKSON seawater standar@fasence (Dickson et al. 2003). All

other parameters (ptpCO,, Q., and Q,,) were calculated using the G&YS macro
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(Pierrot et al. 2006) with dissociation constari€s &nd K;) according to Millero (2006)
using KHSQ dissociation constant after Dickson (1990).

Calculated meapCO, values across the different temperatures (i.e, 4280 and
3250 patmpCO,) will indicate the acidification treatment levels the following. We

conducted two parallel experiments to assess th&tsaéty of nauplius and cypris stages

of A. improvisusn response to OA under different temperatures.

Nauplius development

Nauplius larvae were reared for two months at theeeperature angCO, levels
(mentioned above) in a fully crossed design. 2@esta nauplii were added to one well
containing 8 ml filtered seawater (0.2 um) at ambar pCO, and 20 °C in each of 54 6-
well plates. These 6-well plates were then distaduamong 54 2 | aquaria, each
maintained at one of the 9 possible temperatugC®, combinations. Each of these
treatment combinations was replicated 6 times. Tdrgeted temperature amquCO,
conditions were allowed to slowly build up in thewblii-containing well over several
hours.

The water in the wells was replaced every otherldafiltered seawater (0.2 um)
that was preconditioned to the respective targeipezFature an@CO, (see Fig. 2 and
description above). Larvae were fed daily with maridiatoms (1:1 mixture of
Chaetoceros calcitranandSkeletonema costatyrh-1.5 x 18 cells per ml; Nasrolahi et al.
2007). In order to minimize pH variability due tood addition, the algal mix taken from
the algal culture was carefully centrifuged at 30981 (50 ml falcon tubes) and re-
suspended in seawater with the respective ta@et before being added to the wells. The
experiment was run for 57 days under continuoust [{§25.3 pmol photons 1572 to
minimize mortality and deposition of algal cellsh(yfagarajan et al. 2003). Nauplius
survival, occurrence of cyprids and settlement wassessed every 2 days using a
binocular microscope (WIL® M3C Heerbrugg, Switzerland). We defined “larval
duration” as the time (days) in which 50% of thevaung nauplii had metamorphosed to
the cypris stage. If nauplii had neither changedyprids nor died after 57 days (this
occurred twice in the 12 °C and 3250 patm treatjneve conservatively set the larval
duration at 57 d.
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Cypris settlement

In this experiment we assessed the response ofiscygivae to the same
temperature CO, regimes as in the nauplius experiment. Stage-Ipliavere reared to
the cypris stage in aerated (ambientp&@0,) 20 | buckets at 20 °C under continuous light
(using the same diatom algae and food concentsaismrmentioned above). The obtained
cyprids were then distributed to 6-well plates wit cyprids per well in 8 ml filtered
seawater (0.2 um) and exposed to the different ¢eatppre angpCO, conditions. Water
was exchanged every 3 days as described above.tieatinent was replicated 6 times.

Survival and settlement success were monitoredyed/days over a period of 29 d.

Statistical analysis

In the present study, a fully crossed two-factadieéign was used with temperature
(3 levels) andpCO; (3 levels) as the fixed factors. We tested for radityn with the
Shapiro-Wilk's W-test and homogeneity of varianeess assessed using Levene’s test.
Larval duration data were log transformed to megametric assumptions, while all other
data were square-root arcsine transformed beforéorpeng statistical tests. When
assumptions of normality and homogeneity of vamsnwere met, a two-factorial analysis
of variance (ANOVA) was applied while we used petational analysis of variance
(PERMANOVA) when one of the assumptions was viadgi#&nderson et al. 2008; Clarke
and Gorley, 2006). To analyse the effects of teripee andoCO, on the final survival
and development of nauplii, PERMANOVA was applieiihg “Bray-Curtis similarity” or
“Euclidean distance” matrices with 9999 permutadiormhe effects ofpCO, and
temperature on the larval duration as well as erfitial survival and settlement of cyprids
were analysed using a two-factorial ANOVA. We uggeRMANOVA pair-wise tests or
Fisher's least significant difference (LSD) tests fmultiple comparisons following
PERMANOVA or ANOVA, respectively. All statistics we performed using Primer 6
(version 6.1.12) with PERMANOVA+ (version 1.0.2)daBTATISTICA 8.0 (Stat- Soft,
Inc., USA).

Results

In the field, barnacles are exposed to extremetialbe conditions in the course of
a year. Between April 2009 and May 2010, salinityhe Kiel Fjord varied between 8.5
and 19.2 (Fig. 1a) and temperature varied betw8ehand 19.7 °C (Fig. 1a). Seawater
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pH\gs fluctuated between 7.51 and 8.33 reaching lowelstegaduring late summer and
early autumn (Fig. 1a)A. improvisussettled throughout the year with the highest mean
settlement between May and September (Fig. 1b).

The above field data show that at least the 2 laviesur temperature anaCO,
treatment levels are not uncommon in the habitéh®barnacles. In our experiment, there
was a significant effect of temperature, but nopG, on the final survival of nauplii
after 57 days (Fig. 3a-d; Table 2). Both factord dot interact significantly (Fig. 3a-d,;
Table 2). Mean survival in the different treatmemasged from 4 to 25% (Fig. 3d).
Survival was reduced by a factor of 3 at 12 °C cara@ to survival at the two higher
temperatures (means oy&L O, treatments: 12 °C = 7%, 20 °C = 22%, and 27 °C %;20
Fig. 3d).

There was a significant effect of temperature bat of pCO, on the final
development (i.e. proportion of nauplii metamorpgtbto cyprids and post-larvae) after 57
days, while a significant interaction between terapge anpCO, was observed (Fig. 3a-
d; Table 2). With increasing temperature, larvaeetigped faster with the first cyprids
appearing on day 8 in 27 °C and on day 10 in 2QFi@. 3a-c). In 12 °C water, first
cyprids were observed on day 21 (Fig. 3a) and 8nl§ and 3% of the initial 20 nauplii
had developed to the cypris stage after 57 daysrud@®0, 1250 and 3250 patm,
respectively (Fig. 3d).

Temperature but nopCO, significantly affected the larval duration (timd o
development from stage-Il nauplii to cyprids; Fig Hable 3). Temperature amCO,
interacted significantly (Fig 4; Table 3). The l@s mean larval duration of 44 days was
observed in 12 °C and 3250 patm (Fig. 4) where efem 57 days some live nauplii had
not yet changed to cyprids. The fastest mean lateaélopment of 11 days was observed
under 27 °C and 400 patm (Fig. 4).

There was a significant effect of temperature @@, on the final survival of
cyprids (originating from nauplii, which were rassender ambient conditions of 20 °C
and ambientpCQO,) after 29 days (Fig. 5a-d; Table 4). Both factdid not interact
significantly (Fig. 5a-d; Table 4). Overall, thendi survival of cyprids was reduced in
higher temperatures (means op&0O, treatments: 12 °C = 81%, 20 °C = 59%, and 27 °C
= 29%; Fig. 5d). At 27 °C, final mean survival ofpcids was reduced by 14% under
controlpCO, compared to the 1250 and 3250 p @O, treatments (Fig. 5c¢).

There was no significant effect of temperaturgp@GO, on the final settlement of

cyprids after 29 days nor was there a significatgraction between the two factors (Fig.
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5a-d; Table 4). While the highest final mean setdat of 40% was observed in 20 °C
water under 3250 patpCO,, all other treatment combinations showed lowetiesaent
between 16 and 28% (Fig. 4d).

No morphological abnormalities, neither in naupbir in cyprids or freshly settled
barnacles were detected by microscopic examinafiomder any of the treatment
combinations). We observed a strong temporal véit\abn development of nauplius
larvae even within a single experimental unit (ireatment combination). This, however,

was not statistically tested.

Discussion

Acid-base disturbances, causedd®O, stress (hypercapnia) can cause metabolic
depression in marine invertebrates (Portner e2@04), which possibly led to a delay in
larval development ofA. improvisusin the present study. Metabolic depression is,
however, a transient response to OA. Thus, mosdyliknauplius larvae under higiCO,
might have re-allocated energy to maintenance sichaetabolic rates having less energy
available for growth and development (Thomsen et28l10). The finding that this
developmental delay was particularly strong at@26uld either reflect a direct combined
effect of both stressors (low temperature and pi@6,) or an indirect effect with a slower
development at low temperatures (Anil et al. 209asrolahi et al. 2012; Thiyagarajan et
al. 2003) prolonging the exposure of a given lifage to highpCO, (see discussion in
McDonald et al. 2009).

The observed OA impacts at the high temperature hzasye a different reason.
Mean larval duration at 27 °C was extended undederaie and severe OA (1250 and
3250 patnpCQ0,). High temperature enhances swimming activity €ri®84) and thus the
metabolic scope of nauplii. If the available eneogythe aerobic capacity of nauplii were
limited, a trade-off between swimming and developtmenay have led to the
developmental delay at 1250 and 3250 pp@o,.

Warming and OAantagonistically affected survival of cyprids irethresent study.
Enhanced mortality under elevated temperature wasurprising, since survival of the
non-feeding cypris stage ultimately depends onatheunt of stored energy and elevated
temperatures increase metabolic demands and thléhtkd of depleted energy stores in
cyprids (Thiyagarajan et al. 2002, 2005). If eledgCO, led to a metabolic depression in

cyprids, lowered energy demands could explain theeved longer survival of this non-
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feeding larval stage under higi€O, in the present study. There were neither significan
temperature effects nor were th@@0O, effects on the settlement of cyprids. Dupont et al.
(2010c) obtained similar results for lecithotropkhinoderm larvae and juveniles of the
sea stacrossaster papposuend suggested that species with lecithotrophécdthges are
less dependent on exogenous sources, such as lamiiom (and its digestion) and may,
thus, be better adapted to future OA comparedeoigp with planktotrophic life stages.

When larval duration is prolonged under OA (prestatly),A. improvisusauplii,
in a high-CQ ocean, might be exposed to predation for a lotiges period. Using model
calculations, Kennedy (1996) postulated a reductib89% in successful recruitment of
Crassostrea virginicavhen metamorphosis was delayed by 25% (from 205taays).
Thus, OA might have severe indirect consequences bfarnacles with possible
implications on the ecosystem level. In additiorglgngation of the nauplius phase might
lead to a mismatch of the larvae with their phyamgton prey (Svensson et al. 2005). On
the other hand, the predicted increase in seawatgperature, (IPCC 2007; Meier 2006)
will likely accelerate nauplii development (presstudy; Anil et al. 2001; Nasrolahi et al.
2012; Thiyagarajan et al. 2003) and, thus, maydiu@®A effects. Such results were
observed in sea urchin larva€ripneustes gratilla and oysters(rassostrea virginich
where higher temperatures mitigated negative effedt OA (Brennand et al. 2010;
Waldbusser et al. 2011). In the present study,omtrast to nauplii, warming negatively
impacted cypris survival while OA counteracted thaesgative effects. Thus, the impact of
warming and OA depends on whether these factorsiragly or in combination as well as
on the larval stage considered. Predictions orfateeof barnacles are further complicated
by equally complex but mostly unstudied impactswdrming and OA on species
interacting with barnacle nauplii such as its pteda(e.g. Javidpour et al. 2009). Warming
and OA could also affect prey performance (e.galapdnotosynthesis) in different ways
affecting CQ and oxygen levels in surrounding seawater of nalgvae with possible
effects on the experimental results.

While in the present study OA-effects Animprovisudarvae were observed at the
high and low temperature treatments, OA had nace#eall at 20 °C. This pattern might
be explained by the ability of organisms to bettderate even severe OA stress when
being kept in their optimal thermal window rangértiRer 2008, Portner and Farrell 2008;
Pdrtner 2010). It should also be stressed that thi@ynost severe OA level applied herein
(3250 patnpCO,) had occasional effects, whereas the OA conditampredicted by the

end of this century (1250 patpCO,) in most cases did not affe&t improvisudarvae in
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the present study. This apparent insensitivity t@demate OA may reflect an
acclimatization or adaptation of benthic organisimshe Western Baltic to generally
strong naturapCQO; fluctuations and an annual mean (x sm0O, of 705 + 461 patm
within the inner Kiel Fjord (Thomsen et al. 201%jater samples occasionally taken at the
sampling site (54°19.7'N, 10°11.1°'E) even showadO, levels of up to 1700 patm

(Q = 0.62;Q = 1.09) during summer 2009 (Pansch, unpublishé¢al).d&iven

Calcite — ‘Aragonite —
their present wide tolerance and the possibility aapt to shifting environmental
conditions over many generations, barnackesiriprovisuy from the Western Baltic Sea
might be able to overcome OA as predicted by the @nthis century. Supporting this,
Parker et al. (2011) show selectively bred linestlud estuarine oysteBaccostrea
glomeratato be more resilient to OA than wild populatiors.remains to be seen,
however, whetheA. improvisugpopulations from more stable habitats are legsdal.

Longer data sets for the Kiel Fjord show that improvisustolerates wide
fluctuations of salinity (9 — 22), temperature $-6.25 °C) and also pH (7.5 — 8.1; Fig. 1a;
Thomsen et al. 2010; Wahl et al. 2010). Interestirthe major release of larvae and thus,
development, settlement and first intense caldifbeain A. improvisusoccurs during early
summer when pH is lowest (Fig. 1 a, b; ThomsenleR@10). In the Kiel FjordA.
improvisusis also found in stands of the brown macrodtgausspp. where 2500 patm
pCO,; (pH 7.4) can be measured (Vincent Saderne persmecom. Another barnacle
speciesChthamalus stellatysvas shown to survive and grow at extremely low mgn
of 6.6 in the vicinity of volcanic COvents in Ischia, Italy (Hall-Spencer et al. 2008).

Even if warming x OA effects are small during tlaevll stages of. improvisus
carry-over effects on the metamorphosis or postlagrowth in barnacles (Thiyagarajan
et al. 2002, 2005) could exist and neglecting timeay lead to under-estimation of the real
impacts of OA (see also discussion in Dupont eR@lL0Ob). Negative effects of OA on
post-larvae have been previously reported (Findlegl. 2009, 2010a, b; McDonald et al.
2009).

Relevant abiotic variables such as salinity tempeeaor pH vary spatially across
the species’ distributional range and temporallyirduthe lifespan of individuals, more
strongly than predicted for climate change effemter the coming decades (e.g. Fig. 1;
Thomsen et al. 2010; Wootton et al. 2008). Thuscisgesuch as the barnacke
improvisuswith a wide distribution and its populations fratrongly fluctuating habitats

(e.g. benthic coastal and/or marginal habitats)y & able to better cope with climate
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change than organisms from more stable habitatpdiuet al. 2010a; Parker et al. 2011;
Miller et al. 2009).
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Tables
Table 1: Temperature, salinity, pids (N = 6), dissolved inorganic carbo@+) and total
alkalinity (Ar) (N = 3) measurements (N = 3) as well as calcdlatégs, pCO,, Q. ANd

Q alues (mean = s.d.).

Aragonitey

Seawater measurements Calculations from C; and A
TICl  AirpCO; [ppm] Sal pHus Crlumolkg™]  Arfumol kg-1] PHies pCO, [uatm] Qe rwogonite

ambient 8.04 £0.05 1960.66 + 28.4 2057.30+32.2 8.21+0.03 405.85+22.5 2.37+0.13 1.39+0.07
g 1400 2 7.67 £0.03 2069.02 +36.9 2056.47 +33.6 7.75+0.01 1230.77 £49.41 0.89+£0.02 0.52 £ 0.02
5 4000 E 7.26 +0.05 2205.06 + 61.2 2071.11+62.10 7.33+0.02 3320.95 £ 58.61 0.35+0.02 0.21+0.01
= ambient = 8.11+0.08 1948.18+ 6.4 2086.59 + 8.3 8.22+0.04  413.54+37.3 3.25+0.21 1.95+0.12
g‘ 1400 g 7.72+0.03 2081.26 + 26.0 2094.55 +21.9 7.77 £0.01 1282.12+48.9 1.26£0.03 0.75+0.02
§ 4000 E 7.32+0.04 2201.56+41.1 2108.18 +30.5 7.38+0.03 3278.35+261.2 0.53+0.03 0.32+0.02
= ambient = 8.18+0.10 1937.40+ 29.0 2140.93+27.4 8.28+0.02 378.14+22.6 4.72+0.10 2.89+0.07
g 1400 g 7.83+0.07 2060.81+15.6 2110.25+11.3 7.83+0.02 1186.86 + 65.9 1.86+0.08 1.14 +0.05
§ 4000 ,:\'I 7.44+0.11 221492 +36.9 2159.79+ 28.5 7.44 £0.03 3110.43+249.4 0.81+0.05 0.50 + 0.04
N i
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Table 2: PERMANOVA results of the final survival as well agthe final development

(proportion of nauplii metamorphosed to cyprids goast-larvae) of Amphibalanus

improvisusnauplii in different temperature ap€O, treatment combinations over 57 days

using Euclidean distance matrices with 9999 pertimuta. Significant effects are in bold

(N = 6).
d.f. SS MS Pseudo-F p (perm) Unique perms
Final survival Temperature 2 0.605 0.302 20.028 <0.001 9959
pCo, 2 0.041 0020 1135 0.265 9952
Temperature x pCO, 4 0.147  0.037  2.429 0.064 9951
Final development Temperature 2 0.645 0.322 21.907 <0.001 9946
pCo, 2 0.046 0023 1573 0.220 9942
Temperature x pCO, 4 0.166 0.041 2818 0.035 9961
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Table 3: Factorial ANOVA results of the larval durationn(e of development from Stage-
[l nauplii to the cyprid) ofAmphibalanus improvisusauplii in different temperature and
pCO, treatment combinations over 57 days. Significéfietots are in bold (N = 6).

d.f. SS MS F p
Temperature 2 11.558 5.779 90.540 <0.001
PCO2 2 0.401 0.200 3.138 0.053
Temperature x PCO2 4 0.742 0.186 2.907 0.032
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Table 4: Factorial ANOVA results of the final survival aglvas of the final settlement of

Amphibalanus improvisuscyprids in different temperature an@CO, treatment

combinations over 29 days. Significant effectsiargold (N = 6).

SS d.f. MS F p
Final survival Temperature 3.361 2 1.681 44.255 <0.001
PCO2 0.283 2 0.142 3.727 0.032
Temperature x PCO2 0.164 4 0.041 1.076 0.380
Final settlement Temperature 0.120 2 0.060 0.990 0.380
PCO2 0.123 2 0.062 1.015 0.371
Temperature x pCO, 0123 4 0.031  0.506 0.732
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Figures

Figure 1: Mean salinity, temperature and jd for a water depth of 1 to 1.5 meter from
April 2009 to May 2010 (means min and max over 4 different stations within theer
Kiel Fjord and the GEOMAR piera) and seasonal settlement patternAafiphibalanus
improvisus(meanst SE of % of year sum cover from March 2005 to Oeta2010;b) at

the site of the experimental barnacle populatiahiwiKiel Fjord.
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Figure 2: Scheme of the experimental setup. A single wel 6fwell plate ) was filled
with either filtered seawater + 20 nauplii or 1(ags (experimental well: dark grey wells)
or filtered seawater only, left for water replacetse(equilibration well: light grey wells).
The 6-well plates were placed into sealed 2 | masquaria If) floating on 1.5 | filtered
seawater, which was aerate)l \ith pressurized air of fixedCO, concentrations. The 2 |

aquaria were additionally placed in temperaturehdatd) with different target

temperatures.
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Figure 3: Survival (squares) and proportion of cyprids andtgparvae (circles) from an
initial number of 20 nauplii oAmphibalanus improvisus 12 °C &), 20 °C p) and 27 °C
(c) at differentpCQO, treatments as well as final survivdl §quares) and final development
(proportion of nauplii metamorphosed to cyprids @odt-larvaeq, circles) on day 57 at
different temperature »CO, treatment combinations (meatsSE; N = 6). Treatment
combinations differ according to PERMANOVA pair-wisests at p < 0.05 when they do

not share a lower case letter.
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Figure 4: Larval duration (i.e. the duration from freshly ¢faed Stage-Il nauplii to the
cyprid stage) ofAmphibalanus improvisusauplii at different temperature pCO,
treatment combinations (meahAsSE; N = 6). Treatment combinations differ accogdio

Fisher's LSD test at p < 0.05 when they do noteladower case letter.
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Figure 5: Survival (squares) and settlement (circles) fromréial number of 10 cyprids
of Amphibalanus improvisus1 12 °C @), 20 °C p) and 27 °C ¢) at differentpCO,
treatments as well as final survival, squares) and final settlemendt €ircles) on day 29
at different temperature pCO, treatment combinations (meahsSE; N = 6). Treatment
combinations differ according to Fisher's LSD tastp < 0.05 when they do not share a

lower case letter (significant differences betwaeatment combinations on the settlement
of cyprids were absent).
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Abstract

Increasing atmospheric G@ecreases seawater pH, a phenomenon known as ocean
acidification (OA). Although many studies have istigated OA impacts on calcifying
adult marine invertebrates, little is known aboleit early life-history stages. In two
separate experiments we found that larval developroé the barnacleAmphibalanus
improvisuswas not significantly impacted by levels of OA jecied for the next 150
years. After 10 days of incubation, there were rifberdnces in survival or overall
development of larvae raised at pH 7.8 or 7.6 capgpto control pH of 8.0. After 3 and 6
days of incubation, we found no significant impatOA on development speed or larval
size at pH 7.8 compared to control pH of 8.1. Gasutts suggest that the non-calcifying
larval stages of. improvisusare relatively tolerant to near future OA. Thisuk is in line

with other findings for closely related barnacleaps.

Introduction

Increasing atmospheric G@ffects seawater pH and chemistry (Raven et &520
IPCC 2007). This process, commonly known as oceadhfigation (OA), has led to a
decrease in oceanic seawater pH by 0.1 since ftthestimal revolution (Caldeira and
Wickett 2005; Sabine et al. 2004). Predictions witife change depend on the emission
scenario considered (Bernie et al. 2010) but mosletsv that oceanic mean pH may fall
from the current 8.1 units to 7.8 and 7.5 by 21060 2300, respectively (Orr et al. 2005;
IPCC 2007).

OA affects marine species in various ways (Kroekeral. 2010) and has the
potential to alter fundamental structures of marewsystems (Hale et al. 2011). In
addition to well-demonstrated impacts of OA on d&lation processes (e.g. Fabry et al.
2008; Ries 2011) marine organisms may also suffam fphysiological stress through
impacts on their acid-base metabolism (Miles et2807). This can lead negative long-
term effects on metabolic functions (Pdrtner et 28104) possibly affecting important
fitness traits such as growth, survival or reprditduc as demonstrated in recent meta-
analyses (Kroeker et al. 2010).

Early life-history stages of marine organisms dan particularly sensitive to
environmental changes (Gosselin and Qian 1997; Blugbal. 2008; Kurihara 2008) and
conditions experienced during early development suystantially affect performance in

subsequent life-history stages (Thiyagarajan eR2@02). Investigations of the effects of
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OA on barnacles are, however, rare. The only ssualailable found that early life-history
stages of the barnackemphibalanus amphitritevere not affected by OA (McDonald et al.
2009) whileA. improvisuslarvae were only affected when OA occurred in coration
with temperature shifts (Pansch et al. 2012). Thergonic development ddemibalanus
balanoideswas, however, negatively impaired by decreased(fpHdlay et al. 2009).
Different populations can respond differently to @Walther et al. 2010; Parker et al.
2011) and intra-specific (including intra-populatjovariation is the raw material of natural
selection. This has, however, rarely been direatlgressed in experimental studies. In a
climate change context this omission is surprisasgit gives insights of whether or not
species will be able to adapt in the coming decaldese we investigated the impacts of
OA on survival and larval development of differebatches of the bay barnacle

Amphibalanus improvisus

Materials and methods

The bay barnacléd. improvisusis a prominent filter-feeder in many fouling
communities (Strathmann 1987; Andersson et al. 19009) and is globally widespread
occurring in shallow, tidal areas in both salty dwdckish waters. Eggs hatch as free-
swimming stage-l nauplius larvae and develop togesth nauplii within 3-4 h
(Thiyagarajan et al. 2003). Stage-ll nauplii stE@ding and go through another five
moults before they develop into the non-feeding risypstage, which settles and
metamorphoses into a juvenile barnacle (post-lalgaes and Crisp 1954).

Experiments were conducted in 2008 and 2009 atS¥en Lovéen Centre for
Marine Sciences in Tjarn6, Sweden. Barnacle brao#stA. improvisuy comprised a
mixed population of juvenile and adult individu&iem Idefjorden (30 km north of Tjarno;
59°06.2°N, 11°21.1°E) and the bay outside the redeatation (58°52.5'N, 11°08.1°E).
Adult barnacles were kept in flow-through seawater20 °C and fed daily with brine
shrimp @Artemia salind ad libitum Freshly released barnacle larvae (stage-1l nduypdire
collected overnight from the broodstock tanks.

We conducted two different experiments to assasssénsitivity ofA. improvisus
larvae in response to decreased seawater pH. Ifirsh@xperiment, “larval survival and
development” were assessed by rearing naupliusdaiv 6-well plates over 10 days in

response to 3 different pH treatments. In the s@@xperiment “larval stage percentage
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and size” were assessed by rearing nauplius larv&e| glass bottles over 6 days in
response to 2 different pH treatments.

Larval survival and overall development

Filtered seawater (0.2 um) was treated in 2 | glasties by adding pure gaseous LO
using computerized pH controllers (NBS scale, rgsmh: 0.01 units, Aqua Medic GmbH,
Germany). Eight ml of filtered seawater at eachthoée pH levels (mean pigs = SD =
8.02 £ 0.06; 7.80 £ 0.04; 7.57 =+ 0.08, Beckman @00 Series pH meter, NBS scale)
was filled into single wells of different 6-well gdes (Greiner bio-one, Smurfit Kappa
GmbH, Neuburg-Germany). 20 nauplii were distributeceach of the wells. The 6-well
plates were then placed in seawater-aip @Oubators (see Egilsdottir et al. 2009; Pansch
et al. 2012 for details). These comprised sealedpldstic aquaria, which were half filled
with filtered seawater (0.2 pm) aerated with a omgtof fresh filtered air and pure gaseous
CO,. CO, concentrations were controlled using computerizeldcontrollers (NBS scale,
resolution: 0.01 units, Aqua Medic GmbH, Germany)ptovide mean pkks (+ SD) of
8.03 £ 0.04, 7.86 + 0.02 and 7.59 = 0.02. Larvaeeweared over 10 days at 25° £ 1 °C
and provided with a daily diet of marine diatom8:8® mixture ofChaetoceros calcitrans
and Skeletonema costatyrat a concentration of 1-1.5 x %éells mi* (Strathmann 1987)
under continuous light (Thiyagarajan et al. 2003)e water in the wells was exchanged
every second day with filtered seawater at theaetsge pH.

Larval survival rates and the number of nauplattihad metamorphosed into
cyprids were assessed at the end of the experifhb@miays) using a dissecting microscope
(Olympus SZX12). For data evaluation, mean valuesfthe different wells within a 6-
well plate were calculated. Each treatment wasicaigd twice while the whole
experiment was repeated 4 times (trials), usingusedp batches of larvae. Treatments used

in each incubator were randomized between diffarads.

Larval stage percentage and size

Filtered seawater (0.2 um) was treated in 5 | gtegdes by adding pure gaseous
CO, using computerized pH controllers. A fresh bat€mauplii was evenly distributed
among the glass bottles (~ 1 larva per ml seawatezach of two pH levels (mean jd
+ SD =8.09 + 0.07; 7.80 = 0.04). A small subsanygdfléarvae from each bottle was fixed
in 10% seawater-buffered Formalin at the beginwihthe experiment. Larvae were reared

over 6 days at 25 £ 1 °C. Initially, and after 3/sldarvae were fed with a diet of marine
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diatoms Bkeletonema costatyrat a concentration of 1-1.5 x °16ells mi* (Strathmann
1987). Larvae were held under 12:12 h day and regbles. A full water exchange was
performed after 3 days to remove detritus and faasewell as dead larvae. Subsamples of
nauplii were taken after 3 and 6 days of cultivatend fixed in 10% seawater-buffered
Formalin. Each treatment was replicated three timbge the whole experiment was
repeated 5 times (trials) with separate batchelrghe. Incubation bottles were mixed
randomly between different trials.

Nauplius stage determination (nauplius stages kWrid = C, post-larva = P) was
done according to Jones and Crisp (1954) usingnagrted microscope (Olympus IX71).
Larval stage percentages were determined from tdo@aents of each larval stage in the
subsample. Total length (overall length) and carapkength of larvae were assessed
according to West and Costlow (1987).

Statistical analysis

All data were tested for normality using the ShayWilk's W-test and for
homogeneity of variances using Levene’s test. Péaige data were arc-sine square-root
transformed prior to parametric statistical anadys&/hen normality or homogeneity of
variances was not achieved after transformatiorusezl parametric tests but reduced the
level of significance to 0.01 in order to avoid Eyp errors (Underwood 1997, Wakefield
and Murray 1998). Larval survival and overall deyghent were tested with a factorial
ANOVA with the factors trial (4 levels) and pH (@vkels). Larval stage percentage at day 3
and at day 6 were tested with a factorial ANOVAhtite factors trial (5 levels) and pH (2
levels) using the percentage of larvae developestiaige V+ (day 3) or to stage C+ (day 6).
Total length and carapace length were tested witttarial ANOVA with the factors trial
(5 levels) and pH (2 levels) for the dominant laistages (total length: stage IV, V and V;
carapace length: stage IV, V, VI and C). All statel analyses were done using
STATISTICA 8.0 (Stat- Soft, Inc., USA).

Results
Larval survival and overall development

Survival of larvae differed significantly betwegrtals (i.e. different larval batches)
but was not significantly affected by the pH treaty and there was no significant

interaction between trial and pH (Table 1). Surliwas best in trial 3 with 79% survival
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of nauplii at the end of the experiment, whilelt@asshowed lowest mean survival of 30%
(means over the pH treatments; Fig. 1a).

Overall development of larvae after 10 days d#tesignificantly between trials but
was not significantly affected by the pH treatmemigl there was no significant interaction
between trial and pH (Table 1). Overall developmeas most rapid in trial 3 with 69% of
nauplii reaching the cypris stage or metamorphosmgost-larvae by the end of the
experiment (means over the pH treatments; Fig. Thal 2 showed the lowest overall

development with only 15% (means over the pH treats] Fig. 1b).

Larval stage percentage and size

The mean larval stage percentages over all 5 differials are shown in Fig. 2. At
day 3, about 68 and 25% of the larvae had develapestage V and VI respectively
(means over all trials and pHs). At day 6, aboW %8 larvae had developed to the cypris
stage and 3% to the post-larval stage (means dvétiads and pHs). After 3 days the
majority of larvae were at nauplius stage V (Fig) and after 6 days the majority were at
cypris stage C (Fig. 2b). Consequently the numbglarvae developing to these stages or
later (V+ and C+ respectively) were chosen foristiaal analysis of the effects of pH and
trial on larval development. In both cases, thems va significant effect of trial but
development rates were not significantly affectgdplbl, and there were no significant
interactions between trial and pH (Fig. 3; Table 2)

Total length differed significantly between tridts larvae at stage V (day 3) but
not for larvae at stage IV (day 3) and stage Vly(8aFig. 4, Table 3). Total length of
larvae did not differ significantly between pH tme&nts and there was no significant
interaction between trial and pH for any larvabstéFig. 4; Table 3).

Carapace length differed significantly betweenldriar larvae at stage V (day 3)
and the cypris stage (day 6) while it did not digantly differ between trials for larvae at
stage IV (day 3) and stage VI (day 6; Table 4).réheere no significant effects of pH nor

significant interactions between trial and pH (FgTable 4).

Discussion
Our results do not support the hypothesis thalyeblfe-history stages of
Amphibalanus improvisuwill be negatively affected by near-future levelsOA. Even

relatively severe pH treatments (down tonpEl7.6 - equivalent to scenario estimates for
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the year 2250; Caldeira and Wicket 2005) did noseasignificant changes in survival and
development rate of larvae. We also found no sSicgmt effects of OA on larval
development rate or size, and most larvae readiedypris stage after 6 days, matching
development rates recorded elsewhere for this epéBiemmler et al. 2009). We conclude,
therefore, that early life-history stages of tipeaes might be tolerant to near-future levels
of OA.

The substantial inter-batch (trial) differences lerval development in both
experiments is a common characteristic of cultafethis species (pers. obs.) and also of
related species such &emibalanus improvisugdarrett and Pechenik 1997). This likely
results from heterogeneous parentage (and henagigeomposition) of larval batches,
although differences may also be attributed toaklity in the quality of the microalgal
food supplied to the larvae (Nasrolahi et al. 200mterestingly, even though responses of
different larval batches - and thus genetic contrst varied between trials, we found no
significant interaction effects between batch akt Phis level of replication therefore
strengthens our conclusion that near-future lewél®A (pH 7.8 to 7.6) are unlikely to
affect larval development &mphibalanus improvisus

More generally, it has been suggested that edfdyhistory stages of marine
invertebrates are highly susceptible to environ@aestress (e.g. Gosselin and Qian 1997,
Kurihara 2008). Larval development of the oys@massostrea gigasand the mussel
Mytilus galloprovincialishave been shown to be negatively impacted by gHpfobably
triggered by acidification impacts on calcificatiprocesses (Kurihara et al. 2007, 2009),
and even small pH changes (a pH reduction by Oi®)umve been shown to induce 100%
larval mortality in the brittlesta®phiothrix fragilis (Dupont et al. 2008). Similar results
have been found in other calcifying species (reegwy Ross et al. 2011; Byrne 2012),
however, we did not find these patterns in our gméesstudy on the bay barnacke
improvisus This was also shown by Pansch et al. (2012) enstlame species but in a
distinct population. We are not alone in findingttiearly life-history stages of barnacles
are rather tolerant to expected variations in séawaH. This result has also been found in
recent investigations of the closely related bdmapeciesAmphibalanus amphitrite
(McDonald et al. 2009)As barnacle larvae do not develop calcified stmedwntil they
settle and metamorphose into post-larvae, they bwyess susceptible to OA stress
compared to other invertebrate larvae (Kuriharale2007; Dupont et al. 2008; Kurihara
2008, Kurihara et al. 2009). Crustaceans genesadlyknown to have high metabolic rates

that facilitate control of extracellular pH througlstive ion transport (Gohad et al. 2009;

66



Publication Il

Whiteley 2011). Consequently even at the larvajestahey may be capable of tolerating
variations in seawater pH (e.g. Kurihara et al.£0%nold et al. 2009).

Although survival, size, and development ratedmiphibalanus improvisusrvae
were not affected by pH, other processes, which at@ for later settlement and
recruitment success of juveniles may have been datega(Thiyagarajan et al. 2002).
Barnacle nauplii generate lipid vesicles, which ased as energy reservoirs during the
non-feeding cyprid stage, for swimming, settlemamil metamorphosis. These reservoirs
have a profound importance for growth of barnadstyarvae (Thiyagarajan et al. 2002,
2003). Hypercapnia induced stress may reduce titigyadd larvae to build up sufficient
lipid vesicles, leading to fatal effects for sulbsewot life-history stages, e.g. reduced
settlement success and decreased juvenile recniitBeckerman et al. 2002). These
issues have yet to be addressed in this species.

Detailing the effects of elevatgaCO, levels on other life stages of barnacles
becomes difficult, as there are few data availaltghing is known about OA impacts on
the fertilization process yet, but slower embryoaelepment was found iSemibalanus
balanoidesat pH 7.7 (Findlay et al. 2009), which could l¢ac delayed release of larvae
into the water. The authors argue that, as lareéase is synchronized with the
phytoplankton spring bloom, a delay here could el@se larval survival rates as a result of
insufficient food supplies. In our experiments @swmot possible to detail this effect as the
used larvae developed and hatched in ambient seaarad were afterwards provided with
sufficient food during cultivation.

Juvenile and adult barnacles may be robust to-faéare OA, and may even
withstand extreme pH minima (pH 6.6) for a shomdiby closing their rostral plates
completely (Hall-Spencer et al. 2008). However, wiaced with long-term acidification
(pH 7.7) the barnacl&lminius modestugxhibited reduced growth, with no impacts on
shell calcium content and survival, aB@mibalanus balanoideshowed reduced shell
calcium content and survival under the same OAomlmnation with future warming (+5
°C; Findlay et al. 2009, 2010).

A range of biological and abiotic processes camseahe pH of shallow coastal
habitats to vary substantially over the year omewe a daily basis (Blackford and Gilbert
2007; Shim et al. 2007; Salisbury et al. 2008; Wwmotet al. 2008; Feely et al. 2010;
Thomsen et al. 2010). Species inhabiting thesetdtalsuch as the barnadeimprovisus
will likely have undergone selection for tolerarioethese fluctuating conditions, and may

therefore be better able to cope with climate ckatian organisms from more stable
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habitats (Miller et al. 2009; Parker et al. 201angch et al. 2012). Whether, and how,
entire barnacle populations will cope with neaufatlevels of ocean acidification remains

unclear as it is difficult to draw conclusions frahe few available studies.
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Tables
Table 1: Factorial ANOVA on the effects of pH and trialrifal batch) on larval survival

and overall development. Significant effects ardarhned.

SS df. MS F o
survival trial 1.013 3 0.338 24.663 <0.001
pH 0.023 2 0.011 0.822 0.463
trial x pH 0.071 6 0.012 0.861 0.549
overall development trial 0.674 3 0.225 23.764 <0.001
pH 0.028 2 0.014 1.471 0.268
trial x pH 0.038 6 0.006 0.674 0.673
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Table 2: Factorial ANOVA on the effects of pH and trial (faf batch) on the percentage
of larvae developed to stage V and further (stageW + C + P = V+) on day 3 and to
stage C and further (stage C + P = C+) at the érnldeoexperiment on day 6. Significant

effects are underlined.

SS df. MS F p

stage V+ (day 3) trial 0.645 4 0.161 79.694 <0.001
pH 0.006 1 0.006 3.116 0.093
trialxpH ~ 0.008 4 0.002  0.935 0.464

stage C+ (day 6) trial 0.936 4 0.234 240.109 <0.001
pH 0.001 1 0.001  0.639 0.434
trial x pH 0.004 4 0.001 1.079 0.393
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Table 3: Factorial ANOVA on the effects of pH and trial {faf batch) on the total length
of nauplius larvae (stage 1V, V and VI). Signifi¢caifects are underlined.

sS df. Ms F b
stage IV trial 2144.2 4 536.0 3.042 0.041
pH 1337.3 1 1337.3 7.590 0.012
trial x pH 2931.0 4 732.8 4.159 0.013
stage V trial 4158.6 4 1039.6 14.417 <0.001
pH 97.7 1 97.7 1.355 0.258
trial x pH 209.9 4 52.5 0.728 0.583
stage VI trial 625.4 4 156.4 0.433 0.783
pH 273.1 1 273.1 0.756 0.395
trial x pH 2229.7 4 557.4 1.543 0.228
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Table 4: Factorial ANOVA on the effects of pH and trial (faf batch) on the carapace
length of nauplius (stage 1V, V and VI) and cyfdesvae (stage C). Significant effects are

underlined.

ss df. Ms F o
stage IV trial 1835.1 4 458.8 2.499 0.079
pH 567.4 1 567.4 3.091 0.096
trial x pH 930.6 4 232.7 1.268 0.319

stage V trial 10239.6 4 2559.9 9.921 <0.001
pH 1625.5 1 1625.5 6.300 0.021
trial x pH 2884.3 4 721.1 2.795 0.054
stage VI trial 1077.5 4 269.4 2.214 0.104
pH 0.8 1 0.8 0.007 0.936
trial x pH 989.9 4 247.5 2.034 0.128

stage C trial 3843.3 4 960.8 29.065 <0.001
pH 55.7 1 55.7 1.684 0.210
trial x pH 98.6 4 24.7 0.746 0.573
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Figures

Figure 1: Percent survivald) and percent development to cyprids or post-latiaafter
10 days in pH 8.0 (black bars), pH 7.8 (dark grasspand pH 7.6 (light grey bars) for 4
different trials (mean = 95% CI).
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Figure 2: Percentage of larvae in different developmentaesgnauplius larvae = II-VI,
cypris = C and post-larvae = P) on dayBdnd day 61f) in pH 8.1 (black bars) and pH
7.8 (dark grey bars; means over all 5 trials + 956
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Figure 3: Percentage of larvae developed to stage V ankeiudn day 34) and to stage
C and further on day ®] in pH 8.1 (black bars) and pH 7.8 (dark grey pax®r 5
different trials (means + 95% CI).
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Figure 4: Total length of nauplius larvae at stage & @énd stage VK on day 3 and stage
VI (c) on day 6 in pH 8.1 (black bars) and pH 7.8 (daeky bars) over 5 different trials
(means £ 95% CI).
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Figure 5: Carapace length of nauplius larvae at stagea)\aid stage V) on day 3 and
of stage VI €) and cypridsd) on day 6 in pH 8.1 (black bars) and pH 7.8 (daey bars)
over 5 different trials (means = 95% ClI).
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Abstract

We investigated warming and ocean acidification J@®Apacts on newly settled
Amphibalanus improvisusrom Kiel Fjord, an estuarine ecosystem charaxteri by
significant naturalpCO,-variability. In two subsequent experiments, julerbarnacles
were maintained at two temperature and three OAastes (20/24 °C, 700-2140 patm,
batch culture, 8 weeks) and four OA scenarios (20 620-2870 patm, flow-through
system, 12 weeks). Warming enhanced growth and-stinehgth of barnacles and led to
more investment into shell- compared to body grow@A (2140 patm) enhanced growth
initially (week 2), did not affect the condition dex but reduced shell-strength of
barnacles. In the second experiment, barnacle grovas enhanced under moderate OA
(1030 patm) but compromised under severe OA (12880 patm). Condition index and
shell-strength were not impacted by any OA levdiede results demonstrate a strong
tolerance ofA. improvisustowards predicted near future OA with negative loegn

impacts in extremely acidified waters.

Introduction

Anthropogenic C@emissions have led to an increase in, Qftake by the oceans
(Sabine et al. 2004; IPCC 2007). Dissolved ,Cdecreases the pH of seawater, a
phenomenon called “ocean acidification” (OA; Feetyal. 2004; Orr et al. 2005). Ocean
models predict an increase in seawg@e0,, possibly exceeding concentrations of 1000
patm by the year 2100 and 2000 patm by the yedd @Bfcrease in 0.4 and 0.8 pH units,
respectively; Caldeira and Wickett 2005; Orr et2805; IPCC 2007). These changes in
water chemistry will ultimately lower saturatioratds {2) of calcite, aragonite and Mg-
calcite (Orr et al. 2005; Andersson et al. 2008)partant parameters for calcification
processes in marine organisms. Thus, OA could taffentral biological processes and
indirectly alter fundamental structures of pelagtl benthic marine ecosystems (Harley et
al. 2006; Riebesell 2008, Hale et al. 2011).

Recent reviews have summarized the previous fisdomga wide range of impacts
of OA on marine organisms (Fabry et al. 2008; Kargh2008; Doney et al. 2009; Dupont
et al. 2010, Gattuso and Hansson 2011). A study#@neffects in 18 benthic marine
organisms from diverse taxonomic groups showedfgigntly reduced calcification in 10
of the species, while 7 species exhibited increastdalcification (Ries et al. 2009). First

comprehensive meta-analyses revealed predominamlyative but highly variable
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responses of invertebrates (Hendriks et al. 201lfpeker et al. 2010). Calcifying
organisms typically exhibit larger negative resgmnshan non-calcifiers. Crustaceans,
however, showed to be exceptionally tolerant to (DAthese meta-analyses, possibly
explained by their ability of controlling extraadtir pH through active ion transport
(Melzner et al. 2009; Whiteley 2011).

In nature, ocean acidification is not an isolatedssor but will always act together
with other predicted environmental shifts such @sam warming (Meier 2006; IPCC 2007;
The BACC author team 2008). When acting simultasgowith OA or other abiotic
stressors, warming effects for marine ectothernghinibe even stronger due to a stress-
driven narrowing of the thermal tolerance windowirtRer 2008; Portner and Farrell 2008;
Pdrtner 2010; Walther et al. 2010). Warming alse tiee potential to mitigate negative
effects of OA as was recently shown for sea urdhimae and oysters (Brennand et al.
2010; Waldbusser et al. 2011).

As reported from other coastal areas (Blackford Gildert 2007; Shim et al. 2007;
Feely et al. 2008; Salisbury et al. 2008; Woottbale2008; Miller et al. 2009; Feely et al.
2010) the Kiel Fjord (Western Baltic Sea) is ch&ggazed by strong fluctuations in water
pCO, and pH mainly due to photosynthesis, heterotrogbgradation and river discharges
(Rabalais et al. 2002; Diaz and Rosenberg 2008sisa et al. 2008) with particularly
strong temporary acidified conditions in even shallhabitats (Thomsen et al. 2010).
These particularities of coastal waters further l#gnpcidification driven by atmospheric
CO, uptake (Melzner et al. 2012). Investigations ia thcinity of volcanic CQ vents in
the Mediterranean show a close correlation of thgrek of CQ mediated acidification
and the occurrence of calcifying organisms (HakkiSper et al. 2008; see also Fabricius et
al. 2011). In such small and gradually acidifiedaa, adaptation to increased Q@ay be
hindered by gene flow from adjacent non-impacteshsr Adaptation, however, seems
possible when entire regions such as the Balticv8gmrestricted genetic exchange with
the oceans, feature temporarily acidified condg&iddue to possible adaptation as well as
barnacles’ high plasticity in tolerating strong diuations in environmental conditions
(Wong et al. 2011), local barnacle populations mgthibit reduced sensitivity to future
OA.

An earlier study on barnacles showed a decreadelnmnius modestugrowth
under OA (1000 patnpCO,, pH ~7.7) with no impacts on shell calcium contand
survival, while Semibalanus balanoidesxhibited no reduction in growth but showed a

reduction in shell calcium content and survival enfuture warming (+5 °C) and OA
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(Findlay et al. 2009; Findlay et al. 2010a). A miidg approach on &emibalanus
balanoidespopulation showed the combined effects of warnand OA to have stronger
negative implications than warming alone (Findlayle 2010c). Larval condition, cyprid
size, cyprid attachment and metamorphosis, juveniladult growth, egg production, net
calcification or shell-strength of the basal regioh the shell plate of the barnacle
Amphibalanus amphitritevere not or rather positively affected by a deseeen 0.6 pH
units (McDonald et al. 2009). Thus, the sensitiafybarnacles to OA apparently varies
between taxonomic groups, life stages, habitateedegree of OA stress applied.

Barnacles are an important component of estuagnsystems within the species
poor Baltic Sea (Berntsson and Jonsson 2003) amwtigras well as shell-strength are
critical ecological traits determining populatiognamics (Urban 2007). Rapid juvenile
growth after successful settlement and metamorphdsi a particularly important
determinant of recruitment success (Thiyagarajamalet2007). Environmental shifts
affecting barnacle growth such as warming and fawdilability (Sanford and Menge
2001; Skinner et al. 2007) or OA (Findlay et al020Findlay et al. 2010a) will likely
affect recruitment and population dynamics of beles

While larval stages of the barnaclenphibalanus improvisusiere shown to be
rather tolerant to OA (Pansch et al. 2012), tolowledge, no studies have investigated
the combined effects of warming and OA upon juesnibf A. improvisus In the past,
most studies focused on single rather than mulspless effects in short term rather than
long term experiments. In this study we investigtte sensitivity ofA. improvisus

juveniles to realistic combinations of future wangniand OA in long-term experiments.

Materials and methods

On a cruise in September 2009, water samples franows shallow benthic
habitats along the Western Baltic coast were tdkeiscuba diving. In-situ salinity and
temperature were measured using a WTW Cond 340dpeedl with a TetraCdh 325
electrode. Cr (dissolved inorganic carbon) was measured coulocady (SOMMA
System autoanalyserfAr (total alkalinity) was determined by potentiomettitration
(VINDTA autoanalyser). Measurements were correctesing DICKSON seawater
standard as reference (Dickson et al. 2003). Aleoparameters (pH total scalepCO,,

Qaragonite aNd Qcaicid Were calculated using GGBYS macro (Pierrot et al. 2006), with
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dissociation constants (Kand K,) according to Mehrbach et al. (1973) and refitbsd
Dickson and Millero (1987) using KHS@issociation constant after Dickson (1990).

All lab experiments were conducted in constant tm@jpre rooms of the
GEOMAR, Kiel, Germany in late summer and autumn@Qluveniles of the barnacle
Amphibalanus improvisusvere collected by exposing transparent settlemeaniels
(PerspeX, 9 x 9 cm; horizontally) to the subtidal zone lné inner Kiel Fjord (54°19.5‘N,
10°09.0°E) for two weeks; with barnacles being atadeonly settle on the bottom side.
Surplus barnacles were gently removed and the pamete distributed to the different
treatment combinations. We conducted two subsegeig@riments, using a batch culture
in which two temperature (20 and 24 °C) and tlp€&, (meanpCO,: 700, 1000 and 2140
patm) treatments were applied as well as a flowttn water system with four different
pCO;, treatments (meapCO,: 620, 1030, 1930 and 2870 patm). Temperaturentiesets
were chosen following mean late summer temperatwgsn Kiel Fjord (~20 °C) and
projected warming of surface water within the BalBiea (+ 4 °C). The noticeably high
pCO, levels were chosen following the high natural aility in pCO, within the habitat
of the investigated barnacle population taking [mted future scenarios into account
(Thomsen et al. 2010; Wahl et al. 2010; Melzneale2012).

Temperature and pids (NBS-scale) measurements over the experiments were
done weekly using a WTW 330i pH meter equipped witlSenTiX 81 pH electrode.
Salinity was measured using a WTW Cond 340i equippi¢h a TetraCoh 325 electrode.
Additional water samples f&@@r and pH measurements were taken every second week.
was measured coulometrically (AIRICB; analyser; Marianda, Kiel, Germany) andpH
was measured using an 826-Metrohm mobile pH metgripped with a Methrom
6.0262.100 electrode. Measurements were corresiaed DICKSON seawater standard as
reference material (Dickson et al. 2003). All otlparameterspCO,, Ar, Qaragonite and

Qcalcite Were calculated as mentioned above.

Barnacle growth was assessed by measuring basal-glameter and total dry
weight (DW) of the barnacles (i.e. including bodydashell mass). To determine the
maximum basal-plate diameter, images from the bdeksf each transparent settlement
panels were taken with a digital camera (CANON EX0B, EFS 18-55mm) and evaluated
using image analysis software (ImageJ 1.43u). Thasores of each single barnacle on a
settlement panel provided a mean barnacle sizedohn settlement panel representing one

replicate. Natural barnacle growth in the field veasessed by exposing settlement panels
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to the Kiel Fjord in 1 meter depth at the startday of the respective lab experiment with
biweekly measurements of the basal-plate diametateacribed for the lab experiments.
Newly settled barnacles on the panels in the fislete regularly removed to allow
unhindered growth of the measured individuals. Tempre loggers (HOB®) Onset
Computer) were used to monitor the water tempegadtithe site of the respective field
controls.

To observe the growth of barnacles using DW measemnés, 3-5 barnacles were
randomly scraped from the panels at each sampéggdd frozen at -20 °C. At the end of
each experiment, barnacles were dried at 80 °C (MEtdcell) for 3 days and weighed
(Sartorius, £ 0.1 mg). The dried samples were audhtly burned for 20 h at 500 °C
(Nabertherm B150) and the remaining inorganic nit@ras weighed (ash weight, AW).
We calculated ash-free dry weight (AFDW) by suldirag AW from DW. The condition
index (CI; body to shell ratio) for juvenile barhes was calculated by dividing the AFDW
by the AW. Mean DW and mean CI| were calculateceimh settlement-panel.

The force required to dislodge the barnacles frioensettlement panel (shear force)
as well as the force required to break the barnstoddl (breaking force) was determined
with a TAXT2i texture analyser (Stable Micro Sys&rd5-1 measuring cell) with a speed
of 1.0 mm &. Maximum shear force was measured with a 1 cm wabele scraping the
barnacle off the panel surface (parallel to thessake; Fig. 1). Maximum breaking force
was measured using a cylinder of 2 mm diameteripgsinto the rostrum/rostrumlateral-
plate (Fig. 1). Shear and breaking forces wereected for size (basal diameter) for each
measured individual and will be given as g perfor further analysis, mean shear- and

breaking force were calculated for each singldesatnt panel.

Batch culture experiment

The first experiment was run in 1 | plastic bealkeélsd with filtered seawater (0.3
pum; mean salinity + s.d.: 15.3 + 1.1) placed in pemature controlled (Aqua Medic
Germany) water baths with target temperatures arzD24 °C (mean temperatures + s.d.:
20.0 £ 0.3; 24.0 £ 0.5). The differep€0O, treatments were achieved by directly bubbling
ambient air or pre-mixed gas wipfCO, concentrations of 1120 or 4000 ppm into the
beakers. MeapCO, values across the different temperatures (i.e, 7000 and 2140

patm pCQ,), in the following, will indicate the acidificatip treatment levels. Each

treatment was replicated 8 times.
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Juveniles (mean size + s.d.: 0.98 + 0.07 mm) weaptured” on settlement panels
(exposed in-situ for 2 weeks) and reared in thefdal2 months using a 12/12 h day/night
cycle (~25 pmol photons Hs ). Each experimental unit consisted of two sepatate
plastic beakers. While the panels were placed witine of the beakers, the water in the
remaining beaker could independently adjust to rémpective temperature ampCO,
values for two days. The panels were alternated/d®st these beakers every other day
with the water in the beaker without a panel bereglaced immediately after the
transplantation. Barnacles were fed with maringodns (1:1 mixture ofChaetoceros
calcitransandSkeletonema costaty x 16 cells per ml) every other day. Starting on day
24, barnacles were additionally fed with brine sips Artemia salina ~7.5 individuals
per ml seawater). To keep the biomass of barngelebeaker approximately constant, the
amount of 50 barnacles per beaker at the begirofitite experiment was reduced to 40 on
day 14, to 30 on day 35, to 24 on day 36 and tor28ay 42. Images of the barnacles were
taken every second week and samples for DW andh@ysis were taken on day 14, 35,
42 and day 56. Resistance to dislodgement and dgeawere tested at the end of the
experiment (day 62).

Flow-through experiment

The second experiment was run in 3.5 | plastic agyaovered with a plastic lid)
connected to a flow-through water system. Unfilleseawater (sand filter), pumped
directly from the Kiel Fjord into the temperatuioms, was adjusted to a constant water
temperature of 20 °C and pumped into a headerftankwhich each single aquarium was
supplied with a constant water flow of ~1.6} fmean temperature in the aquaria + s.d.:
19.6 = 0.6). The differeriCO, treatments were achieved by directly bubbling ambair
or pre-mixed gas witlpCO, concentrations of 1120, 2400 or 4000 ppm intoahearia.
MeanpCO, values (i.e. 620, 1030, 1930, 2870 u@d0,), in the following, will indicate
the acidification treatment levels. Each treatnveas replicated 5 times.

Juveniles (mean size + s.d.: 1.39 + 0.06 mm) weaptured” on settlement panels
(exposed in-situ for 2 weeks) and reared for 3 mmarsing a 12/12 h day/night cycle (~6-
10 pmol photons mMs™). Barnacles were fed daily with marine diatoms avith brine
shrimps (from day 36) in concentrations as menticsigove. The amount of 17 barnacles
per aquarium at the beginning of the experimentedaced to 14 on day 28 and to 11 on

day 56. The diameter of the barnacles was measwexy second week and samples for
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DW and CI analysis were taken on day 28, 56 andrBb.resistance to dislodgement and

breakage were tested at the end of the experirdagtgb).

Statistical analysis

For experiment-I, a fully crossed two-factorial idgswas used with temperature (2
levels) andoCO, (3 levels) as the fixed factors. For experimenp@QO; (4 levels) was the
fixed factor. We tested for normality with the ShapWilk's W-test. Non-normal data
were transformed to normality prior to the use afgmetric statistics. Percentage data
were arcsine transformed. We tested for homogeneanisnces using Levene's test. Data
from growth measurements (diameter and DW) and €@ilewevaluated using repeated
measures ANOVA, the fixed factors being temperatmd pCO, for experiment-I and
pCO, for experiment-1l with time (days) as the RM factd/hen the data did not meet the
assumption of sphericity (Mauchly's test for spbity), p-values were corrected using the
Greenhouse-Geisser correction. To analyse the $boear as well as the breaking force
data, we used a two-factorial ANOVAQO, x temperature) for experiment-lI and a one-
way ANOVA for experiment-1l. We used Fisher’s leagjnificant difference (LSD) tests
for multiple comparisons following ANOVA. The relahship of AFDW and AW was
evaluated using simple regression analysis. Allissies were performed using the
software STATISTICA 8.0 (Stat- Soft, Inc., USA).

Results

The carbonate system measured in various shallawhiocehabitats within the
western Baltic Sea showgCO, concentrations ranging between 329 and 1424 uatn a
pHnes values between 8.13 and 7.55 (Table 1). Overahmp€0O, and pHss over all
habitats and depths were 698 patm and 7.86, resplgctEven very shallow waters
exhibited undersaturation with respect to aragomige seen for Schleiminde (2m),
Staberhuk (3m) or Salzhaff (3.3m). Undersaturatiith respect to calcite was only found
in Schleiminde at 15m depths.

The carbonate system of both lab experiments isesepted in Table 2. Seawater
was undersaturated with respect to aragonite irtraditments with artificially elevated
pCO, but also in 20 °C and contrplCO, of the batch culture experiment. Seawater was
undersaturated with respect to calcite in treatmevith pCO, levels of 1930 patm and

higher. The incoming Fjord water was undersaturatét respect to aragonite but not

91



Publication IlI

calcite during the water flow-through experimenthmneanpCO, values of 1001 patm
(Table 2). These particularities of the incomingrBjwater explain the highCO, values
of 700 and 620 patm during the lab experimentsidensd to as control conditions. The
carbonate system of the batch culture experimeotveti a much higher variability in
measured pH an@r as well as in calculate8l; than the water flow-through experiment.
This is most likely due to the strong calcificatipnocesses by barnacles reducing the
alkalinity as well as the pH and water exchang@sgoeonducted every two days only.
Barnacle growth in the field is presented in FigM&an growth rates were 0.12
mmx d* for cohort-1 and 0.10 mm xdfor cohort-1l reaching a mean size 7.82 mm and
7.16 mm in diameter after 56 days, respectivelpnFDecember 2010, growth rates of
juvenile barnacles (cohort-II) were reduced over winter months but increased in April
and May 2011 with rates of 0.06 mxnd’. Water temperatures in 1 meter depth at the
natural barnacle site reached maximum values dbWy8.4 °C during July but decreased
gradually from August to December to minimum valdesvn to -0.6 °C in late December

and early January. From March 2011, water temperatncreased gradually (Fig. 2).

Batch culture experiment

Repeated measures ANOVA of barnacle size measutenrerthe batch culture
experiment showed a significant effect of temperaand an interaction between day and
pCO, (Table 3). Barnacles grew faster at 24 °C thar2Gt°’C (particularly so in the
beginning of the experiment), resulting in an 8¥gda diameter on day 14 (mean over the
pCO, treatments; Fig. 3a). Increase€O, (2140 patm) led to a 9% increased basal
diameter on day 14 compared to 700 patm (mean tneeboth temperatures; Fig. 3a).
Temperature as well agCO, effects, however, disappeared towards the end ef th
experiment (Fig. 3a). Barnacles showed mean groatés of 0.13 mm d* reaching 8.22
mm in diameter after 56 days (20 °C, 700 up®®,; Fig. 3a).

Warming initially enhanced the increase in DW bhus effect disappeared towards
the end of the experiment (Fig. 3b; Table 3). Ahey factors and interactions were not
statistically significant (Table 3). Warming ledda overall decrease of the CI of barnacles
by 17% (mean over all days ap€O, treatments; Fig. 3c; Table 3). Highest condition
indices were observed on day 35 (Fig. 3c).

The shear force required to dislodge the barndobes the settlement panels was

significantly enhanced by warming, independentlyha&fpCO, treatment applied (Fig. 3d;
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Table 3). Warming enhanced the resistance to bgeakdnile high levels opCO, (2140
patm) significantly decreased the breaking rest&tari barnacles (Fig. 3d; Table 3).

Flow-through experiment

Repeated measures ANOVA of barnacle size measutsneérthe water flow-
through experiment showed a significant effec{ppGO, and an interaction between day
andpCQO;, (Table 4). Growth of barnacles was favoured undedemnate and compromised
under enhanced OA (Fig. 4a). On day 84, barnaclanntkameter was decreased by
approximately 9 and 5% undp€O, values of 1930 and 2870 patm, respectively. Mean
size under 1030 patm was, however, increased bgd&¥pared to the control treatment
(Fig. 4a). Barnacles showed mean growth rates tf éamx d* reaching 7.59 mm in
diameter after 56 days (20 °C, 620 ug@0O,; Fig. 4a).

In comparison to the controls, DW was significarttyer under 1930 and 2870
patmpCQO, on day 85, and significantly higher under 1030 uéfig. 4b; Table 4). The ClI
of A. improvisuswas not affected bpCO, (Table 4). Highest condition indices were
observed on day 56 (Fig. 4c).

Neither the shear force required to dislodge thedades from the settlement
panels nor the resistance to breakage were signtfic affected by thegCO, treatments
applied (Fig. 4d; Table 4).

Discussion

In-situ measurements within various shallow habitatong the western Baltic coast
revealed these waters to be highly variable habiteith respect to their carbonate
chemistry. Nevertheless, even areas temporarilersadurated with respect to calcite or
aragonite are dominated by calcifying species sasMytilus edulisor Amphibalanus
improvisus This has also been observed for the temporadigifeed inner Kiel Fjord
(Thomsen et al. 2010) where both calcifying speeaiesabundant, dominating most hard
substrata accessible (Durr and Wahl 2004).

Barnacles within the inner Kiel Fjord showed higtowth rates (0.10-0.12 mm
basal diameter per day) and, thus, most likely redcmaturity within two months
(Amphibalanus amphitritet growth rates of 0.10 mm per day: McDonald et2809).
Growth paused during the winter months, when foeallability and water temperatures

were low. Earlier investigations described Kiel fdjoas an estuarine ecosystem
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characterized by significant natural pHCQO,) -variability with highest acidification
occurring during autumn (Thomsen et al. 2010). Minetess, we observed noticeably
high growth rates and, thus, rates of calcificatewren in times of naturally acidified water
conditions.

Corroborating these findings in the field, both Eperiments show a remarkable
tolerance of juvenil@. improvisugo OA levels predicted for the open ocean by i @&
this century (Caldeira and Wickett 2005; Orr et a005) but already temporarily
encountered by barnacles within their natural ladbialready today (Thomsen et al. 2010).
Growth of barnacles after 12 weeks was even enkangenoderate OA (1030 patm) as
compared to contr@CO, or values exceeding 1930 patm.

Warming as well as short exposure g0, values of 2140 patm, positively
affected growth in terms of an increase in basaimater (week 2 and 4; batch culture
experiment), bupCO, values of 1930 and 2870 patm reduced growth (atesal diameter
as well as DW) under longer exposure (week 10 abd flbw-through experiment).
Increased calcification under increagiO, (“compensatory calcification”) was observed
earlier in basal parts of shell plates (active dglowone) of the barnacles. amphitrite
(McDonald et al. 2009). Further examples existefoninoderms and oysters (e.g. Wood et
al. 2008; Beniash et al. 2010). This increasedifeczadtion, however, comes with a cost for
the organism possibly taking energy away from oihgvortant processes (Wood et al.
2008; Gutowska et al. 2010). Nevertheless, sinisedtifiect disappeared at week 4 and was
not observed thereafter, acclimatisation to chaimgp€0, seems possible.

Barnacle shells contain <3% organic material (@& tbtal shell mass), while the
remaining material is formed of minerals, predomtha calcite (Barnes et al. 1976;
Bourget 1987, Findlay et al. 2010a). Although OAeispected to negatively impact
calcification processes in marine organisms (Orraket2005, Findlay et al. 2010a),
calcification inA. improvisusseems not impacted, but barnacles produced nbhceesre
shell material when exposed to increased tempe&wat@rustaceans are known to possess
high metabolic rates and are capable of controlérgyacellular pH through active ion
transport (Whiteley 2011). Furthermore, Whitele@X2) discusses that calcification in
crustaceans is likely to be less affected by OAabse of the CaC{produced being
mostly in the more stable form of calcite rathearththe more soluble aragonite, the
calcification processes being well isolated fronteexal changes in the surrounding

seawater and the use of HE@ther than C¢ for CaCQ precipitation.
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Results of shell-strength measurements further atipppe observed investment of
barnacles’ energy into calcification (i.e. shelbguction). Shell-strength (shear force and
breaking resistance) was increased with increagngperature. A significant effect of
pCO, was observed for the breaking resistance only legh force required to break shells
of barnacles reared under 2140 p@a@®O,. In an earlier study investigating OA effects on
a barnacle species of the same genera, calcificatas also increased at the lower base,
i.e. the active growth region, while shell-strengththe central parts of the shell plates

were compromised pH 7.4 (McDonald et al. 2009).

Overall, results from the field growth measuremeass well as from the lab
experiments suggest a high tolerance of juveniles. aimprovisugo predicted near future
OA (Caldeira and Wickett 2005; Orr et al. 2005)antal stages (nauplii and cyprids)Af
improvisuswere previously shown to tolerate significant lsvef OA up to 3250 patm
(Pansch et al. 2012). Heterotrophic degradatiolrghnic material in deeper waters is
directly related to oxygen consumption and@@pduction (Rabalais et al. 2002; Diaz and
Rosenberg 2008) and upwelling events will expogamisms in shallow marine habitats to
these corrosive waters. Due to carbonate systeatigs) elevate@CO, values will persist
at surface waters while oxygen will rapidly equidite with the atmosphere. Such
processes can be observed for the Kiel Fjord (Tlkeonet al. 2010) as well as in many
shallow seas worldwide (Blackford and Gilbert 208hjm et al. 2007; Feely et al. 2008;
Salisbury et al. 2008; Wootton et al. 2008; Milkral. 2009; Feely et al. 2010) and local
organisms might have adapted to cope with thessufitions. This naturally occurring
acidification within Kiel Fjord and barnacles’ toémce to naturally encountered OA
highlights upon the importance in evaluating OA exmpents in its ecological context. In
the course of global change, however, atmosphddicaBncentrations will continue to rise
(IPCC 2007) and will amplify OA in these coastaltera. River discharges of acidic water
can further exacerbate seawater acidification ¢Bafy et al. 2008). Model calculations
predict maximunpCO; values of even 4000atm (at a salinity of 20 and a temperature of
10 °C) in estuaries such as the Kiel Fjord (Melzeteal. 2012). Considering these model
calculations on possible future OA as well as expental results obtained herein near
future OA might be tolerated by juvenie improvisusut OA levels up to 4000 patm will
most likely impair barnacle performance in the Idegn.

We observed reduced growth rates as well as weadasii barnacle shells in the

long term under very strong OA. However, in commaith recent investigations on
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barnacles (e.g. McDonald et al. 2009, Findlay ek@lLOa, b), these impacts were subtle
and sub-lethal and increased temperature as exjptcieccur in the future (IPCC 2007)
has the potential to mitigate the negative effe€t©A (Brennand et al. 2010; Waldbusser
et al. 2011; present study). Even in water underatgd with respect to calcite, where
calcification processes are compromised (Orr é2@05) and dissolution of the outer shell
is likely to occur (Nienhuis et al. 2010), net puotion of considerable amounts of CaLO
could be sustained. Community structures are nesieds susceptible to possible changes
in an acidified ocean due to species-specific bBfiees in sensitivities to OA within a
community (Hale et al. 2011). As discussed for @esans (Whiteley 2011) and possibly
valid in a broader context, certain species inladpifluctuating environments, such as

estuaries and shallow coastal seas are likely todre tolerant to OA.
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Tables

Table 1: Carbonate system of various shallow benthic htbitathin the western Baltic
Sea - Waters samples were taken during a shipeciuiSeptember 2009 via scuba diving.
In-Situ salinity (S), temperature (T), dissolvearganic carbon@r) and total alkalinity
(Ar) measurements as well as calculated, €0,, Qcaicite aNd Qaragonits UNdersaturated
samples with respect to calcite or aragonite adedimed.

location coordinates characterization depth S T Cr Ar pHr pCO, Qca Qpr
[m] [°C] [umol kg'l] [umol kg™] [uatm]
Falshoft 54°46,94'N sand, small boulders: dominated by 4 17.9 18.0 1800.2 1924.6 8.05 402.1 2.67 1.61
09°57,32°E Zostera marina, Ciona intestinalis,

Mytilus edulis, Amphibalanus

improvisus
Schleimiinde 54°41,56'N sand, small boulders: dominated by 2 18.2 19.0 1897.4 1942.6 7.73 905.0 1.44 0.87
10°02,08°E Fucus sp, Ulva sp. or Pilayella sp. 3 18.0 18.0 1817.7 1937.8 8.04 4235 2.60 1.56
5 18.0 15.0 1810.8 1947.3 8.13 328.6 2.84 1.70
8 18.2 17.0 1834.0 1950.2 8.03 427.2 2.51 1.51
15 20.4 17.0 2040.8 2044.3 7.55 1423.9 0.99 0.61
Boknis Eck 54°2,92'N boulders: red algae, Chorda filum, A. 4 17.7 18.0 1828.3 1926.3 7.97 504.5 2.23 1.34
10°01,77°E improvisus
Fehmarn NE 54°32,15'N sand, small boulders: dominated by 4 15.6 17.0 1755.4 1866.8 8.08 381.4 2.49 1.47
11°04,62°E Fucus sp., M. edulis, A. improvisus
Staberhuk 54°24,10'N sand, big boulders: dominated by Z 2 15.0 18.0 1789.5 1854.4 7.89 611.0 1.73 1.02
(Fehmarn SE) 11°17,80°E marina, M. edulis, A. improvisus 3 15.0 18.0 1838.1 1860.9 7.70 983.7 1.14 0.68
3 15.2 18.0 1799.0 1864.0 7.89 618.2 1.73 1.02
5 15.1 17.0 1800.0 1861.8 7.89 6122 1.67  0.98
8 17.0 16.0 1847.4 1877.5 7.73 886.1 1.19 0.71
11 19.1 17.0 1903.5 1965.7 7.82 731.3 1.64 1.00
15 19.8 16.0 1932.9 1963.1 7.69  990.7 121 074
Kellenhusen 54°11,80°N, rocky: largely dominated by M. edulis 4.3 15.7 18.0 1843.6 1866.0 7.69 1006.9 1.13 0.67
11°05,90°E
Salzhaff 54°2,37°N, mud: dominated by Z marina, Z 3.3 13.1 17.0 1802.4 1856.5 7.89 628.1 1.59 0.93
11°31,59°E noltii, C. intestinalis
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Table 2: Carbonate system of both lab experiments - In-8irasurements of pids,
dissolved inorganic carboiC{) and pH as well as calculated total alkalinit®{), pCO,,
Qcalcite anNd Qaragonite Of the batch culture (BC) and the water flow-throuQNVFT)
experiment under different temperaturgp®0O, treatment combinations as well as of the

incoming Kiel Fjord water (mean + s.d.).

In-situ measurements calculations
air pCo, PHnss pHr G Ar pCO, Qc, Qur
[ppm] [umol kg™'] [umol kg] [uatm]
BC 20°C 388 7.863 £0.183 7.795 £ 0.142 1638.8 + 605.0 1591.2 +491.4 664.2 + 134.0 1.41+0.93 0.84+0.56
1120 7.664 £0.183 7.648 £0.148 1673.4 £602.0 1622.0 £513.5 953.6+83.1 1.04+0.82 0.62+0.5
4000 7.306 £0.181 7.327 £0.097 1751.3 £568.7 1628.8 +444.5 2069.9 £ 139.5 0.50£0.23 0.30+0.14
24°C 388 7.906 £ 0.199 7.766 £ 0.130 1651.7 £534.2 1640.6 + 444.8 729.7 £114.0 1.67+1.03 1.01+0.63
1120 7.713 £0.180 7.616 £0.148 1692.5 + 602.0 1648.1 +£513.5 1043.6 +100.9 1.25+0.82 0.76 £ 0.50
4000 7.323+£0.190 7.295+0.139 1731.2 +616.0 1616.7 £ 501.6 2212.5+49.7 0.60 + 0.36 0.36+0.22
WFT 20°C 388 8.082+0.117 7.920 £ 7.079 1906.5 + 65.4 1998.4 +£67.0 617.4+101.1 2.14+0.42 1.28+0.25
1120 7.789 £ 0.109 7.710 £ 0.041 1962.2 +88.6 2002.3 +£89.7 1027.8+92.5 1.36+0.14 0.81+0.09
2400 7.453 £ 0.099 7.452 £0.038 2036.5 £ 69.1 2015.2+72.7 1929.4+126.9 0.77 £0.08 0.46 £ 0.05
4000 7.249 +0.106 7.289 £ 0.047 2111.1+78.9 2045.6 + 86.6 2867.4+222.3 0.55+0.08 0.33+0.05
Fjord 7.928 £0.145 7.735+£0.057 2010.7 +89.4 2057.9+87.2 1001.3 +124.7 1.49+0.07 0.89+£0.07
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Table 3: Batch culture experiment - Repeated measures ANOWV#ize, dry weight and
condition index as well as factorial ANOVA of shdarce- and breaking resistance of
juveniles of Amphibalanus improvisugnder different temperature (T)pCO, treatment
combinations over 56 daysc{p= corrected p values when the assumption of spheric

was violated). Values of p < 0.05 are underlined@N

SS d.f. MS F p Peorr

size T 0.6655 1 0.6655 5.8528 0.0200

pCO, 0.2491 2 0.1246 1.0954 0.3438

Tx pCO, 0.0152 2 0.0076 0.0668 0.9355

Day 861.1982 3 287.0661 9559.5206  0.0000 <0.0001

Day xT 0.2558 3 0.0853 2.8395 0.0407 0.0739

Day x pCO, 0.7549 6 0.1258 4.1898 0.0007 0.0066

Day x T x pCO, 0.0178 6 0.0030 0.0987 0.9964 0.9710
dry weight T 0,000161 1 0,000161 10.3928 0.0025

pCO, 0,000015 2 0,000008 0.4940 0.6139

TxpCO, 0,000010 2 0,000005 0.3156 0.7311

Day 0,033556 3 0,011185 685.2831 0.0000 <0.0001

Day xT 0,000032 3 0,000011 0.6477 0.5859 0.4924

Day x pCO, 0,000025 6 0,000004 0.2516 0.9578 0.8702

Day xTxpCO,  0,000064 6 0,000011 0.6533 0.6874 0.5924
condition index T 0.0563 1 0.0563 33.8109 <0.0001

pCO, 0.0037 2 0.0018 1.1012 0.3423

Tx pCO, 0.0002 2 0.0001 0.0496 0.9516

Day 0.1733 3 0.0578 45.1219 <0.0001  <0.0001

Day xT 0.0008 3 0.0003 0.2097 0.8895 0.7737

Day x pCO, 0.0067 6 0.0011 0.8746 0.5158 0.4690

DayxTxpCO,  0.0010 6 0.0002 0.1302 0.9923 0.9552
shear force resistance T 78414.4285 1 78414.4285 13.0971 0.0004

pCO, 10645.1899 2 5322.5950 0.8890 0.4134

TxpCO, 4313.3458 2 2156.6729 0.3602 0.6982
breaking resistance T 403245.5878 1 403245.5878 25.0546 <0.0001

pCO, 104573.4439 2 52286.7220 3.2487 0.0418

Tx pCO, 29232.8481 2 14616.4240 0.9082 0.4057
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Table 4: Water flow-through experiment - Repeated measud®¥A of size, dry weight
and condition index as well as factorial ANOVA tiesir force- and breaking resistance of
juveniles ofAmphibalanus improvisusnder differenpCO, treatments over 84 dayscp

= corrected p values when the assumption of spheri@s violated). Values of p < 0.05

are underlined (N=5).

SS d.f. MS F p Peorr
size pCO, 4.1532 3 1.3844 3.7389 0.0346
Day 908.1749 5 181.6350 2786.8619 0.0000 <0.0001
Day xpCO,  4.4284 15 0.2952 4.5298 <0.0001  0.0038
dry weight pCO, 0.0016 3 0.0005 4.2818 0.0243
Day 0.0589 2 0.0295 220.8668 0.0000 <0.0001
Day xpCO,  0.0025 6 0.0004 3.1364 0.0177 0.0529
condition index pCO, 0.0121 3 0.0040 0.9142 0.4592
Day 0.1504 2 0.0752 19.0521 <0.0001  0.0003
Day xpCO,  0.0398 6 0.0066 1.6788 0.1632 0.2057
shear force resistance pCO, 29202.1226 3 9734.0409 1.0206 0.3949
breaking resistance pCO, 16526.7531 3 5508.9177 0.2532 0.8587
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Figures
Figure 1: lllustration of Amphibalanus improvisudescribing the methods in determining
the force required to dislodge the barnacles froensettlement panel (shear force) as well

as the force required to break the barnacle shedbking force).
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Figure 2: Mean barnacle growth of two cohortsjo¥eniles ofAmphibalanus improvisus
in the field: cohort-1 (black circles) settled inly 2010 and was used in the “batch culture
experiment”; cohort-1l (grey circles) settled in tOlger 2010 and was used in the “water
flow-through experiment” (means = 95% CI). Watenperatures at the site for 1 m depth
are given from July 2010 to May 2011.
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Figure 3: Batch culture experiment - siza)(dry weight b) and condition indexd] of
Amphibalanus improvisumdividuals over 56 days as well as shear foreel lareaking
resistance at the end of the experiment (dayd$2inder different temperature pCO,
treatment combinations (means + 95% CI; N=8). Asier represent significant

differences between treatments within a sampling(dacording to Fisher’'s LSD test at p
< 0.05).
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Figure 4: Water flow-through experiment - siza){(dry weight p) and condition indexd]

of Amphibalanus improvisusdividuals over 85 days as well as shear foroe- lareaking
resistance at the end of the experiment (daydB@nder differenpCO, treatments (means
+ 95% CI; N=5). Asterisks represent significantfeliéences between treatments within a

sampling day (according to Fisher’'s LSD test at(aG5).
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Publication IV — Juvenile development of the Kiel

vs. the Tjarno population

Do habitat traits and food availability modulate ¢himpact of ocean acidification

on juvenile Amphibalanus improvisus?
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Abstract

Energy availability and adaptation are major thsead tolerating ocean
acidification (OA) stress. Sufficient food availliyi in eutrophied habitats can help
organisms to overcome OA related stress effectslewdrganisms from habitats with
naturally high fluctuations ipCO, might have evolved characteristics that make them
more tolerant to future OA than organisms from matable environments. We
investigated effects of diet ap€O, (pCO, values of nominally 380, 1000 and 3000 patm)
on newly settleddmphibalanus improvisus different barnacle populations: in a 20 weeks
experiment in Kiel, Germany and in a 5 weeks expent in Tjarn6, Sweden. The Kiel
Fjord is characterized by strong fluctuationp@0O, whereas Tjarno waters display a more
stablepCO, environment. Kiel barnacles showed a strong taleao all appliedpCO;,
levels with respect to survival, growth, reprodactiand shell strength as well as to F1
(offspring) larval performance and F1 juvenile gtbwregardless of diet. Moulting
frequency and dissolution of outer shell matehalvever, were increased with increasing
pCO,. Tjarnd barnacles compensated for modgr&®, when food conditions were ample
but showed reduced growth under food limitationvee pCO, negatively impacted
growth of Tjarnd barnacles in both feeding treatteeBimilar patterns were observed for
survival rates of Tjarnd barnacles. These resuttisiahstrate a high tolerance of Kiel
barnacles to OA, even when considering carry-offects of adult individuals to their F1
generation. This study further supports the hymthéhat barnacle populations from
fluctuating pCO, environments are more tolerant to OA than barsaftlan more stable
pCO; habitats. The results show first evidence thatggnavailability might help barnacles

to overcome moderate OA stress.

Introduction

Anthropogenically increased atmospheric &@uses a reduction in oceanic pH — a
phenomenon referred to as Ocean Acidification (“OA&aldeira and Wickett 2003;
Gattuso and Hansson 2011). While oceanic pH deeseasrelatively constant rates of
~0.002 units per year (Doney et al. 2009), codsbitats, have been recently described to
differ substantially from open ocean conditionst Noly absolute mean values and annual
or daily fluctuations (e.g. Blackford and GilbeQ®@; Shim et al. 2007; Feely et al. 2008;
Salisbury et al. 2008; Wootton et al. 2008; Milétral. 2009; Feely et al. 2010) but even
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future predictions differs considerably from operean norms (e.g. Wootton et al. 2008;
Feely et al. 2010; Melzner et al. 2012).

Processes such as eutrophication, stratificatiagratiation or upwelling can
amplify atmospheric driven OA and, already todagymroduce more acidified conditions
in coastal habitats (Wootton et al. 2008; Milleraét2009; Feely et al. 2010; Thomsen et
al. 2010) than what has been predicted to occuopen ocean waters by the end of this
century or even later (Caldeira and Wickett 2003)e Western Baltic Sea and especially
coastal bays such as the Kiel Fjord or the Eckedef@®ay represent such a habitats where
annual meapCO, concentrations of about 800 patm prevail alreadgydThomsen et al.
2010; Thomsen et al. under review in Nature Clin@bange) with peak values of up to
2300 patm during upwelling events in late summet antumn (Thomsen et al. 2010;
Vincent Saderne pers. commun.). Furthermore, bshckabitats such as the Baltic Sea
exhibit generally lower salinity values and consatly a lower alkalinity (Hjalmarsson et
al. 2008) and thus, naturally lower CagL€aturation state€d) compared to open ocean
waters. It may be instructive to study how orgamistope with this naturally acidified
environment in marginal seas as these may coresti@utwindow to future oceanic
conditions.

The impacts of stressors such as OA on organisowever, are not simple or
uniform. They are highly species specific (Kroekeal. 2010; Whiteley 2011) and may be
modulated by numerous factors such as the distagiveeen the stressing variable and the
organism’s optimum (stress intensity), the duradod fluctuations of the stressor (habitat
traits), the stress history of the individual, #westence of other synchronous biotic or
abiotic stressors, the existence of compensatinchamsms, their energy demand and/or
the energy availability in the habitat.

Thus, organisms, which live in stable but food-éégd environments such as the
deep-sea or polar regions might be sensitive toW@le organisms from fluctuating and,
in many cases, food-enriched environments, suastamsries and shallow coastal regions,
tend to be more tolerant to OA (Dupont et al. 20¥@hiteley 2011). A barnacle
(Semibalanudalanoide$ population from Spitsbergen showed reduced grawtter OA
(Findlay et al. 2010b), while a population of them® species from the probably more
variable and energy rich environments along thehswn British coast was tolerant to OA
(Findlay et al. 2009, 2010a, c). Such habitat $peoésponses of organisms could be a
consequence of long-term acclimations or even gersetaptations in response to the

nature of a particular habitat with respect to esrvnental stressors such as OA.
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An organism’s tolerance to a certain stressor lgrdepends on the availability of
compensatory mechanisms and the energy availabligpmpensate stress. Thus energy
availability can be considered as a major threadlegrating future OA stress (e.g. Melzner
et al. 2011). In field studies, mussels withstoaturally occurring OA stress in eutrophied
food-rich habitats but suffered from naturally ocowg OA stress in oligotrophic food-
depleted areas (Hall-Spencer et al. 2008; Thomsah ender review in Nature Climate
Change).

Barnacles are important ecosystem componentsBergtsson and Jonsson 2003).
Nonetheless, only few studies investigated the anhp& OA on barnacles (Findlay et al.
2009; McDonald et al. 2009; Findlay et al. 2010aPhnsch et al. 20125emibalanus
balanoidesas well asAmphibalanus amphitritehowed an increase in calcification under
acidified conditions, which was interpreted as anpensatory response to higher
dissolution of exposed shell material (Findlay le2809; McDonald et al. 2009). On§.
balanoidesshowed a reduction in growth under OA, interpreteda reallocation of
available energy from growth to shell maintenaréadlay et al. 2010b). This could be
due to physiological differences between the twecss but could also be a result of the
different food concentrations used in the respecsiwdies (2 x focells mi* daily for A.
amphitritevs. 1.5 x 1&cells mI* every second day f&. balanoides

Active ion regulation is an energy demanding preceshich increases during
acidified conditions (Melzner et al. 2009; White2§11). In addition, dissolution of outer
shell material increases with decreasing saturatiate of calcium carbonate, which has to
be compensated for by an increase in calcificatiate to maintain shell stability
(McDonald et al. 2009). Whil@. improvisusshows no or only weak responses to medium
term OA under ample food conditions (Pansch euatler review in Marine Biology),
under food limitation, increased metabolic rated ahifts of energy budgets towards ion
regulation could reduce the energy available foowgn or other energy demanding
processes as has been demonstrated for otherabregds (Whiteley 2011; Thomsen et al.
under review in Nature Climate Change).

Despite the importance of considering carry-ovefea$ when predicting
adaptation capacities to OA (Dupont et al. 20101f&@a and Kelly 2011) few OA studies
have considered links between life-history stagedeiween adults and their offspring
when determining a species’ response to OA (buKseihara et al. 2008; Egilsdottir et al.
2009; Parker et al. 2009, 2010, 2012). Carry-o¥ieces from larval stages to post-larvae

(juveniles) in response to stressors such as tamyerand salinity, in contrast to OA,
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have been well investigated for barnacles (Thiyajgaret al. 2002, 2003, 2007). In one of
the rare studies on carry-over effects of OA, Mcéldret al. (2009) examined the effects
of OA on larval development and subsequent setti¢rmed juvenile growth as well as on
egg production inA. amphitritewith no signs of any carry-over effects from ooetlie
other stage. In another study Snbalanoidesembryonic development was delayed under
OA indicating maternal effects on barnacle reprdidncand thus possible negative effects
on their overall fitness (Findlay et al. 2009). Baitudies, however, neglect possible
important maternal effects on the performance &a or post-larvae.

In the present study, we examined the performasaevifal, growth, moulting
frequency, shell strength) of the barnadleimprovisusduring the developmental phase
from juvenile to adult barnacles. We also assesBedreproductive output under food
limitations (and thus energy restriction) of bateacwhich had grown to maturity und OA
conditions as compared to actual in-situ conditioh8e investigated possible carry-over
effects of OA from parents to their F1 generatiaffsfpring) with respect to larval
development and to juvenile growth. Finally, we @amed two populations oA.
improvisuswith respect to OA sensitivity; one from the fluating western Baltic Sea
(Kiel Fjord) and one from the eastern Skagerra&rfigp Archipelago), a presumably more
stable environment with more oceanic conditions piddsalues rarely dropping below 8.0
(Larsson 2010).

We hypothesized (i) that food availability will efft the barnacles’ capacity to cope
with OA stress, (ii) that a possible stress impaety be carried over to subsequent life
history stages, and (iii) that barnacle populatibos fluctuatingpCO, environments are

more tolerant to OA than barnacles from more stpB6I®, habitats.

Materials and methods

All experiments were conducted in constant tempeeatooms at the GEOMAR in
Kiel, Germany and at the Sven Lovén Centre for Narsciences in Tjarné, Sweden
during summer and autumn 2011. Juveniles of thedass@Amphibalanus improvisusere
collected by exposing transparent settlement paRasspeX, 9 x 9 cm) in the subtidal
zone (1.5 m depth) in the inner Kiel Fjord (54°18.,510°09.0°E) in mid-June and in the
Tjarnd Archipelago (58°52.5'N, 11°08.1°E) in mid-4ust. Panels were left in the water
for two weeks with barnacles being able to onlyls&tn the bottom side (the upward face

of the panel being covered by a grey PVC panelndutihe settlement phase). In order to
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standardize barnacle density to 26 individualspaarel, at the end of the settlement phase
surplus barnacles were gently removed. Two settiérpanels each were distributed to
aquaria of the different feeding x acidificatitmeatment combinations. Each treatment
combination was replicated 8 times for the Kiel exment and 6 times for the Tjarné
experiment. A set of panels was left in the fiekde{ and Tjarn6) in order to observe

natural growth rates.

Feeding and acidification treatment levels

Freshly settled barnacles were fed daily with a fnikture of Chaetoceros
calcitrans and Skeletonema costaturirom week three, barnacles were additionally fed
with two day old brine shrimp nauplif(temia saling. From week five onward only brine
shrimps were fed daily or bi-daily. In biweekly émvals, food concentrations were
increased and the number of barnacles was redmcedder to compensate for barnacle
growth and increasing food consumption. A raticbdf (high-food:low-food, cell and/or
nauplii numbers) between the two feeding levels waaintained during the entire
experiment (Table 1). Diatom algae were culturediliered (0.2 um) and autoclaved
seawater enriched with f/2 medium. Algal densitiegere determined using a
haemocytometer (Neubauer, Marienfeld, Germany) uttig microscopeArtemia were
cultured in filtered (0.2 um) seawater in aeratet dlastic bottles and densities were
determined under a stereomicroscope. Followingattdition of food to the experimental
aquaria the water flow in was stopped overnight.

The three acidificatiofevels of nominally 380, 1000 and 3000 patm wereseh
according to the high natural variability g€0, in coastal seas and taking predicted future
scenarios into account (Thomsen et al. 2010; Wiahl.€010; Melzner et al. 2012). The
different acidificatiorlevels for the Kiel experiment were achieved bdiraeration of the
experimental aquaria with either ambient air ormiged gas withpCO, concentrations of
1120 or 4000 ppm. Acidificatiolevels for the Tjarn6 experiment were achieved igad
aeration of the experimental aquaria with eithebi@mt air or air, which was enriched
with pure, gaseous G@ontrolled by computerized pH controllers (NBSlecaesolution:
0.01 units, Aqua Medft GmbH, Germany, IK& Computer Systeme GmbH, Germany).
Target pH values for the Tjarnd experiment wereaeined previously by aerating water
samples with either ambient air or with industriglessurized air of fixedpCO;,
concentrations of 977 and 3000 ppm (AGA Gas AB,dpitkg, Sweden). The achieved pH
levels were then used to set the respective pHatars.
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Experimental setup and carbonate chemistry measueens

Both experiments were run in 3.7 | covered plaatjoaria connected to a flow-
through water system. Seawater was pumped dir&cthy the Kiel Fjord or the Tjarno
Archipelago into temperature rooms, adjusted tmm@stant water temperature of 20 °C
(Aqua Medi®, Germany) and pumped into header tanks from whéath single aquarium
was supplied with a constant water flow of ~1.5'1 ln the Kiel experiment juveniles of
an initial mean size (x+ s.d.) of 0.794 + 0.079 mmerevmaintained under these treatment
combinations for 20 weeks. In the Tjarné experim@gnteniles of an initial mean size of
1.205 + 0.100 mm were maintained for 5 weeks. Wsel@s12/12 h day/night cycle.

Temperature and plds (NBS scale) measurements were done twice per week
four random replicates in Kiel and in all six replies in Tjarnd using a WT¥330i pH
meter equipped with a SenTi1 pH electrode. Salinity measurements were ddtfeav
WTW® Cond 340i equipped with a TetraCo825 electrode during the Kiel experiment
and with an YSI 3Bduring the Tjarnd experiment. During the Kiel expemnt, additional
water samples forCy (total dissolved inorganic carbon) and pHTotal scale)
measurements were taken once per week from twmnarrdplicatesCr was measured
coulometrically (AIRICA” Cr analyser; Marianda, Kiel, Germany) and tpMas
determined with a 826-Metrotftmobile pH meter equipped with a Methrd1.0262.100
electrode using Tris/HCI and AMP/HCI seawater busffgDickson et al. 2007).
Measurements were corrected using DICKSON seavetdedard as reference material
(Dickson et al. 2003). During the Tjarn6 experimedditional water samples fpCO,
determination and pHmeasurements were taken twice per week in oneomamdplicate.
pHr was determined with a WTW330i pH meter equipped with a SenTi81 pH
electrode using Tris/HCI and AMP/HCI seawater brsffdVleasurements were conducted
in fresh samples and in the samples equilibratetth wressurized air of fixegpCO,
concentrations of 977 and 3000 ppm (AGA Gas AB, dpnkg, Sweden). All other
parameterspCO,/DIC, Ar, Qaragonite @NdQcarcited Were calculated using the @&YS macro

(Pierrot et al. 2006) with dissociation constarkks and K) according to Millero et al.
(2006) using KHSQ® dissociation constant after Dickson (1990). Aduhal seawater

measurements were done weekly in freshly taked §amples as mentioned previously.

Response variables
In the Kiel experiment we continuously monitoredrtabity, basal diameter, dry
weight (DW; including body and shell mass), ashghe{AW; = shell mass), the condition
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index (CI; = body to shell ratio). At the end ofetlexperiment we assessed moulting
activity, larval release, net-calcification ratesdareaking resistance of barnacles as well
as F1 larval settlement and F1 juvenile growth. ¥datinuously monitored mortality,
basal diameter, DW, AW and CI of barnacles for fhgrné experiment. From
measurements on single barnacles (“basal diame@w,”, “AW”, “CI” and “breaking
resistance”) means were calculated for single agj(iee. representing one replicate).

Mortality, growth and CI:Overall mortality was assessed by calculating ame
daily mortality from all barnacles dying during tremtire experiment. To determine
barnacle growth by means of an increase in maxirhasal-plate diameter, images from
the backside of each transparent settlement pamete taken using a digital camera
(CANON EOS, EFS 18-55mm) and the maximum basaleptiameter of each single
barnacle was measured using image analysis softyianageJ 1.43u). For DW
measurements, six barnacles were randomly scrapedthe panels at each sampling day
(Kiel: week 2, 6, 12, 20; Tjarno: week 2, 4, 5) dnmazen at -20 °C. At the end of the
experiment, barnacles were dried at 80 °C (MMMcocell) for 24 h and weighed
(Sartoriu§, + 0.1 mg). The dried samples were additionallyned for 24 h at 500 °C
(Nabertherfi B150) and the remaining inorganic material (AW)swaeighed. We
calculated ash-free dry weight (AFDW; = body masg)subtracting AW from DW. The
Cl for juvenile barnacles was calculated by divigthe AFDW by the AW.

Moulting and reproductionTo determine moulting rates and rates of larvigase,
filters (90 um) were placed for 12 h at the outflofshe experimental aquaria in weeks 9
to 12. This was done in five randomly chosen repdis from each feeding x acidification
treatment combination. Nauplius larvae as well las é€xuviae from the filters were
counted. Data were standardized to one hour andameacle. Subsequently the relative
production of exuviae or larvae contributed by eaeplicate aquarium of a given
treatment combination was calculated and will beéhia following be given as “relative
moulting rate” or “relative reproductive output”.

Net-calcification ratesTo determine net-calcification rates of barnaatethe Kiel
experiment, settlement panels from six randomlysehoreplicates from each feeding x
acidification treatment combination were cleaned from epibiontsthe end of the
experiment (week 20) and placed into sealed 2 dtiglaaquaria containing 1.7 | filtered
(0.2 um) seawater. The aquaria were aerated wiéh réspective treatmermpCO,
concentrations. Water samples were taken at thenfieg and at the end of 36 h of

incubation. Ar was analysed by potentiometric titration (VINDTAautoanalyser).
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Measurements were corrected using DICKSON seawtdadard as reference (Dickson et
al. 2003). Aquaria containing filtered (0.2 um) water but no panels with barnacles
served as controls. Given the fact that the pritipn of 1 mole of CaCOconsumes 2
moles of HCQ@ and therefore decreas@s by 2 equivalents, net-calcification rates (G)
“ver g DW of barnacles” (in pmol CaG®x g DW! x h') were estimated using the
alkalinity anomaly technique (Smith and Key 1975z€au et al. 2007; Langdon et al.
2011). We used the equation: G &A1 x 21 where AAr is the variation ofAr during
incubation.

Scanning electron microscopy:o examine the morphology of barnacle shells,
random barnacle individuals were gently removedftbeir settlement panels in week 16
and week 18 from each feeding x acidificatitmatment combination and dried at 80 °C
(MMM ® Ecocell) for 24 h. Barnacles were coated with gmtladium and pictures of the
whole barnacle as well as of specific areas of llhenacle shells were taken using
Scanning Electron Microscopy (SEM; Z&43SM 940).

Shell strength:To determine barnacle shell strength, the forcaiired to break
barnacle shells was determined with a TAXT2i textanalyser (Stable Micro Systefns
25-1 measuring cell) from random barnacle individua week 12 and at the end of the
experiment. A cylinder of 2 mm diameter pushed §foanto the rostrum/rostrumlateral-
plate (Fig. 5) with a speed of 1.0 mm % (®ansch et al. under review in Marine Biology).
The maximum force required to break the shell weigrhined (Texture Expert Exceed
2.64; see also McDonald et al. 2009). The breakimge was standardized by barnacle
size (basal diameter) given as “g x finfAppelhans et al. accepted in Marine Ecology-
Progress Series; Pansch et al. under review innddiology).

F1 larvae and juvenilesTo determine the performance of larvae released by
barnacles maintained under the differp@O, treatment combinations, nauplius-Il larvae
were collected on filters (90 um) over night from sandom replicates from each feeding
x acidificationtreatment combination in week 14 of the adult expent. Larvae were
reared at the respectiy 0O, concentrations (i.g0CO, concentrations from the adults as
mentioned above) in 250 ml glass bottles filledwa00 ml filtered (0.2 um) seawater at a
constant temperature of 20 °C (Aqua M&diGermany) and a concentration of one larva
per ml seawater. Larvae were fed bi-daily day wntlarine diatoms (1:1 mixture of
Chaetoceros calcitranand Skeletonema costatyr@ x 16 cells per ml; Nasrolahi et al.
2007) irrespective of the feeding treatment theirepts experienced. A water exchange

was performed every second day with seawater atefpectivegpCO,. Measurements of
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pHxes and temperature were conducted every second at thay in three random
replicates from each feeding (adults) x acidificatreatment combination and additional
water samples for salinityCr and pH analyses were taken weekly in two random
replicates from each feeding (adults) x acidificatreatment combination. Water samples
were measured and evaluated as described aboumr@se system values were calculated
as means over the adults’ feeding treatments (TAblauplius development is comprised
of six nauplius stages and a non-feeding cyprigesdones and Crisp 1954). Settlement
success of cyprids on the bottle walls was estichaféer 16 days as a measure of the
overall larval fitness. Growth of F1 juveniles wdstermined by digital photography
(CANON EOS, EFS 18-55mm) of basal plates and imagalysis (ImageJ 1.43u) as
described above. Pictures were taken on day 34lap&0 post larval incubation. Juvenile
growth is shown as % increase of basal diametevdsat day 34 and day 50.

Field controls: Natural barnacle growth in the field was assessgdxiposing
settlement panels to the Kiel Fjord or the TjarnichApelago in 1.5 meter depth at the
starting day of the respective lab experiment wampling procedures as described for the
lab experiments (basal diameter, DW, AW, CIl andakirgg resistance). Newly settled
barnacles on the panels in the field were regulegiyjoved to allow competition-free
growth of the monitored individuals. TemperaturdO@O® Onset Computer) and salinity
(CTD-logger STAR-ODDY, Island) at the site of the respective field colstrwere
continuously monitored and once per week the cat®orsystem variables were

determined from fresh water samples (for detailestdption see above).

Statistical analysis

In both experiments a fully crossed two-factoriabign was used with feeding (2
levels) and acidificatiof3 levels) as the fixed factors. We tested for raedity with the
Shapiro-Wilk’'s W-test. Non-normal data were tramsfed to normality prior to the use of
parametric statistics. Percentage data were sguaatercsine transformed. We tested for
homogeneous variances using Levene’s test. If dnthe assumptions could not be
verified, we refrained from applying parametric tistiical procedures and employed
permutation-based multivariate analysis of varia(GERMANOVA; Anderson et al.
2008; Clarke and Gorley 2006).

To analyse breaking resistance, net-calcificatiates, larval settlement and
juvenile growth from the Kiel population as well m®rtality from the Tjarnd population,

we used a two-factorial ANOVA (feeding x acidifizat). Kiel population mortality was
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analysed with a PERMANOVA (feeding x acidificatiodmdsed on 9999 permutations and
the Euclidean distance matrix. Data from diametagth, DW, AW, CI, moults and larval
release measurements were analysed using Repeaadutdds PERMANOVA (RM-
PERMANOVA,; feeding x acidificationx time) based on 9999 permutations and Bray
Curtis similarity (moults and larval release) angcktdean distance matrices (all others).
We used Fisher’s least significant difference (L$&)ts or PERMANOVA pair-wise tests
for multiple comparisons or comparisons within actdéa, following ANOVA or
PERMANOVA, respectively. All statistics were penfioed using the software
STATISTICA 8.0 and the PERMANOVA+ 1.0.2 add-on f&RIMER 6.1.12 (Anderson et
al. 2008).

Results

Water temperature and salinity as well as measurtened the carbonate system
parameters from both lab experiments as well am ftbhe respective field-sites are
represented in Table 2 and in Fig. 1. Barnaclesvigigp in the field controls experienced
water temperatures between 8.6 and 21.3 °C (med®6.df °C) in the Kiel Fjord and
between 15.1 and 19.8 °C (mean of 17.3 °C) in th@nd Archipelago over the
experimental period of 20 and 5 weeks, respectij€able 2; Fig. 1a). Salinity ranged
between 11.1 and 19.9 (mean salinity of 16.8) ial lkhd between 12.6 and 27.5 (mean
salinity of 20.9) in Tjarno (Table 2; Fig. 1b). Bacles in the field experienced jd
values between 7.53 and 8.36 (mean of 7.91) in &iel between 8.02 and 8.29 (mean of
8.16) in Tjarnod (Table 2; Fig. 1c) while the€0O, values fluctuated between 286.4 and
1351.1 patm (mean of 780.4 patm) and between 3#%d5519.7 patm (mean of 401.5
patm), respectively (Table 2; Fig. 1d). Even vehallbw waters within Kiel Fjord
exhibited calcite saturation states downt¥g, = 1.02 while mean saturation over the 20
weeks wasQc, = 1.89 (Table 2). Mean calcite saturation statehiwi the Tjarno
Archipelago waf2c, = 3.13 over the experimental period of 5 weekdbl(@2). Seawater
was undersaturated with respect to calcite inralittnents witlpCO, values of nominally
3000 patm (Table 2).
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Kiel experiment

Feeding (interacting with time) significantly affed barnacle growth (diameter,
DW, AW) and CI in the Kiel experiment but acidiftean showed no statistically
significant effects (Table 3; Fig. 2). Barnacleswyifaster under the high-food compared to
the low-food treatment and were 52% larger (meaamdier over the acidification
treatments) at the end of the experiment (PERMANQ&k-wise tests; Fig. 2a-c). The CI
was significantly higher under high-food over th@é ®eeks (PERMANOVA pair-wise
tests; Fig. 2d). The respective field controls sbdwimilar growth rates (diameter, DW
and AW) as were obtained in the high-food treatséhRig. 2a-c). The CI of field control
barnacles ranged between the CI of barnacles fhenhigh- and the low-food treatments
and decreased over time (Fig. 2d).

Mortality of Kiel barnacles was not significantlyffected by either of the two
factors (Table 4; Fig. 3a). Moulting was unaffecteyl feeding but was significantly
elevated by increasingCQO,, irrespective of the feeding treatment (PERMANOYAIr-
wise tests; Table 4; Fig. 3b). Barnacles underfogl released significantly more larvae
than barnacles under low-food, irrespective of dbalification treatment, which had no
effect on larva production (PERMANOVA pair-wise tsTable 4; Fig. 3c). The force
required to break the barnacle shells tested irkvi@eand in week 20 was significantly
higher under high-food compared to low-food, butswanaffected by acidification
(Fisher’'s LSD tests; Table 5; Fig. 3d). The fietthtrols showed similar mean resistance to
breakage as the high-food x 380 pg@0, treatment in week 12 (Fig. 3d). There are no
data available for week 20 because of a loss dii¢hee sampling panels (Fig. 3d).

The net-calcification rate was significantly reddaeith increasingpCO, but was
unaffected by the feeding treatment (Fisher’'s L8Btg; Table 5; Fig. 4). Only the low-
food and nominally 3000 patrpCO, treatment had individuals suffering from net
dissolution but mean net-calcification rates welwags positive, irrespective of the
feeding or acidification treatment (Fig. 4). SEMoptgraphs of barnacles at week 19
illustrate the degree of dissolution of outer shmeliterial under elevatgaCO, (Fig. 5).
Barnacles kept under high-food seemed to be méeetatl than barnacles kept under low-
food (Fig. 5).

Water temperature and salinity as well as measurenad the carbonate system
parameters from the F1 experiment are represent€dule 2. The overall settlement of F1
larvae and the growth of F1 juveniles were not ificantly affected by either of the

factors nor was there a significant interactiorwssin both factors (Table 5; Fig. 6a, b).
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Tjarno experiment

Barnacles grew significantly faster under the higbd compared to the low-food
treatment and were 25% larger (mean diameter tieeacidificatiortreatments) at the end
of the experiment (PERMANOVA pair-wise tests; TableFig. 7a). In week 2 and 4,
barnacles at nominally 3000 patm were significaathaller than those at 380 pap@O;,
treatment (by 12 and 18% in week 2 and 4, respag)iunder low-food and to those at the
nominally 1000 patmpCQO, treatment (by 15% in week 2 and 4) under high-food
(PERMANOVA pair-wise tests; Fig. 7a). After 4 weekarnacle size was reduced by 7%
underpCO; values of nominally 1000 patm in the low-food treant, however, by week
5, all significant acidification effects on growhtlad disappeared (PERMANOVA pair-wise
tests; Fig. 7a). Barnacles grew faster (DW and AWjer the high-food treatment from
week 2 onward but were unaffected by acidificaiPERMANOVA pair-wise tests; Table
6; Fig. 7b, c). Barnacles in week 4 had a higheur@ler the high-food treatment but were
not affected in this regard by acidification (PERM®@VA pair-wise tests; Table 6; Fig.
7d). The respective field controls showed highemgh as well as a higher Cl compared to
all treatment combination in the laboratory ovee texperimental period; there are,
however no DW, AW and CI data available for weekn® week 4 (Fig. 2).

Mortality was not affected by the feeding level mdreased by 79% undemp&O,
of nominally 3000 patm compared to 380 patm undev-fbod and by 91% higher
mortality under gpCO, of nominally 3000 patm compared to 380 patm undig-food
(PERMANOVA pair-wise tests; Table 5, Fig. 8).

Discussion

In-situ measurements revealed the Kiel Fjord taalbeghly variable habitat with
respect to carbonate chemistry as we have repeas@r (Thomsen et al. 2010; Pansch et
al. 2012). Towards the end of the experimentalgoershallow waters within Kiel Fjord
showed calcite saturation states as low as 1, bemmghe threshold to be corrosive
conditions for the calcite shells of barnacles (faret al. 1976; Bourget 1987, Findlay et
al. 2010a). Nevertheless, calcifiers suchAasmprovisusas well asMytilus edulisare
present and can even dominate benthic hardbottonmemities in Kiel Fjord throughout
the year (Durr and Wahl 2004; Thomsen et al. 200¥er the experimental period (5
weeks of the Tjarnd experiment) the Tjarné Archagel showed to be less variable with

respect to carbonate chemistry. Although long-tdata sets are not available at this point,
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this has been reported in earlier studies for tlabitat (Larsson 2010) and was also
confirmed by Jon Havenhand et al. (pers. commun.).

Kiel Fjord barnacles from a temporarily acidifieddbitat

Kiel Fjord barnacles showed little sensitivity tadification. Not everpCO, values
of nominally 3000 patm impacte&l improvisuggrowth (diameter, DW and AW) or Cl in
neither of the feeding treatments. In contrast,df@vailability did affect barnacle’s
performance. At the elevated feeding level, baesmgrew at similar rates as in the field,
which was about 50% faster than at the reducedrfgdédvel in the lab (0.09 versus 0.06
mm of daily basal diameter increase). With amptedfdhey also invested more into body
growth relative to shell growth. The CI of barnackept under OA was not investigated to
date but the Pacific oysteCrassostrea gigasuffered from OA (pH 7.7) showing a
decreased CI by 20%, indicative for reduced groefficiency due to a likely shift in
energy budget (Lannig et al. 2010). Lab growtkesaiimilar to our low-food treatment
were reported by McDonald et al. (2009), for thenbaleAmphibalanus amphitrite€~0.07
mm per day). Growth rates of the studies Biminius modestusand Semibalanus
balanoidesare not directly comparable because of differemcesze measurements (basal
diameter versus diameter of the operculum; Finelagl. 2010a, b). Although Kiel Fjord
water conditions were close to undersaturation watspect to calcite during the second
half of the 20 week experimental period, both ia k&b and in situA. improvisushowed
high daily growth rates of up to 0.09 mm basal diten

As another indication for low stress even undeorgracidification conditions,
mean cumulative barnacle mortality was similarhy lim all treatment combinations of the
Kiel experiment (<5%; see also Pansch et al. unm@siew in Marine Biology).
Interestingly, OA caused mortality 8emibalanus balanoidegems to depend on location
and season being higher in winter than in summdriarSpitsbergen than on the British
coasts (Findlay et al. 2009; Findlay et al. 201)a;). At the moment it is not clear what
caused these differences in OA sensitivity and dreive would have found an increased
OA driven mortality in seasons other than summer.

Moulting is an essential element in crustacean troand cirripedia have been
reported to moult every 2-3 days (Costlow and Baok957). In the present study, we
observed a tendency for moulting events to increds®st linearly with seawat@CO,
but not with food availability. Increasing moultirigequency was observed in the shrimp

Palaemon pacificusinder apCQO, of 1000 patm but was reduced undgrCGO, of 1900
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patm (Kurihara et al. 2008), which was interprdigdhe authors as a sequence of increase
in metabolic activity and compensatory responsadid base disturbance. In our study,
moulting frequency did not relate to growth or @dafor the moment we cannot explain
this response pattern.

Since body size and fecundity are strongly coteelan crustaceans (Kurihara et
al. 2008 and references therein), any effects awtlr should affect the onset of
reproduction. In the present study, barnacles énlab (high-food) as well as in the field
reached reproductive size (McDonald et al. 200%hiwithe first two months of the
experiment. Reproductive output was favoured byapd but unaffected by OA. Larval
release in other crustaceans such as copepodsiseasa impacted by OA (Kurihara
2008; Mayor et al. 2007) supporting these findin@st of three different barnacle species
(Chthamalus fissus, Balanus glandula, Tetraclitassqasa rubescepsonly C. fissuswas
capable of regulating reproduction (in form of Eroutput) in dependency of the actual
food availability (Hines 1978). Thus, food availéyi may have impacted reproduction
indirectly via growth rates or directly via energupply to the gonads. While in
Semibalanus balanoidg3A can delay the embryonic development (Findlagle2009)
we did not observe this response in the presedy stu

Shell dissolution in response to OA has been redoltr various marine species
(Marshall et al. 2008; Ries et al. 2009; Nienhtisle 2010; Thomsen et al. 2010; Ries
2011). Here we show that net-calcification (Langadral. 2011) ofA. improvisuswas
strongly reduced by increasip§O, (irrespective of diet). Nevertheless, growth ratese
maintained even in undersaturated water. The negaffect on reduced net calcification
may, thus, be mainly attributable to dissolutionooter shell material. Undersaturation
with respect to calcite reigned under the 3000noatunder the 1000 patpCO, treatment.
Severe corrosion was observed under nominally 3@&hpCO, and was negligible under
nominally 1000 patnpCO,. The latter, surprisingly indicated corrosion in stgaturated
water (Fabry et al. 2008). At the moment we camyener, not explain this effect.

Whiteley (2011) suggests that calcification in tagsans is likely to be less
affected by OA for several reasons. These inveatebrproduce the more stable form of
CaCQ, calcite (97% in barnacle shells; Barnes et al.61Bourget 1987, Findlay et al.
2010a) rather than the more soluble aragonite.ifi@altton is realized in compartments
isolated from external environment. And, finallyCB* is used for CaC@precipitation
rather than C€". This assumption is supported by our data, siretecalcification is

positive even under corrosive conditions (leading shell dissolution) indicative of

126



Publication IV

substantial CaC@production. Shell dissolution in barnacles shouédhindered by the
existence of a protecting epicuticula (Ries e2@0D9; Rodolfo-Metalpa et al. 2011), which
covers the outer shell layer (Costlow 1956). Whieis epicuticula is locally damaged
(arrows in Fig. 5), CaC{structures become exposed to corrosive waterslasiyn blue
mussels Mytilus eduli3 are naturally protected by a protective periastra, which has
been demonstrated to resist various chemicals @M#79). When this periostracum is
damaged, mussels experience shell dissolution wutersive water conditions (Thomsen
et al. 2010).

To which extend these corrosions will affect thefgenance of barnacles and their
sensitivity to predation is unexplored. When coreldinvith high-food conditions, as
typical for coastal Baltic regions (The BACC autlieam 2008), OA did not significantly
affect breaking resistance. Under predator freeditions, in any case, barnacles thrive
under even severely elevated OA, irrespective efl glorrosion. Increased shell strength
with increasing food availability was probably bésen larger size of barnacles under
high-food conditions. Although breaking resistarveas corrected by size, a nonlinear
increase in shell strength with size can explaiasé¢h findings. In an earlier study
investigating OA effects on a congeneric barnagleces, at pH 7.4, calcification was
increased at the lower base, i.e. the active graegion, but shell-strength at the central
parts of the shell plates were compromised (McDabeéakl. 2009).

As previously described by Pansch et al. (201&), improvisuslarvae are
remarkably tolerant to OA. Cyprids utilize energgerves from the previous larval phase
for metamorphosis to the juvenile and early juserdevelopment until their digestive
system is fully developed (Anderson 1994; Thiyagara&t al. 2003). Settlement of cyprids
metamorphosis to juveniles is associated with hgirtality (Gosselin and Qian 1997;
Jarrett 2003; Thiyagarajan et al. 2005; Shanks 2@&sselin and Jones 2010) and
considered the most critical step in the life-higtof barnacles (Thiyagarajan et al. 2002;
Nasrolahi et al. under review in Marine Biology)eWwrtheless, in the present study,
neither the nauplius larvae nor the metamorphastke cypris or to the juvenile barnacle
were impacted by even severe OA. As one of only few studies, McDonald et al.
(2009) observed the entire life cycle of an bammdal amphitritg under OA stress but
could also not detect any carry-over effects frame t the other life-history stage. In the
present study, we furthermore demonstrate thatt difeHhistory does also not affect the
performance of F1 larvae and juveniles. This wa® tior the feeding as well as the

acidification treatments on the parents. Also thidyegrowth phase of the F1 juveniles was
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unaffected by OA as the juvenile phase of the garéhis study and Pansch et al. under
review in Marine Biology).

In summary, Kiel FjordA. improvisusseems to tolerate high acidification levels
well (see also Pansch et al. 2012; Pansch et dérueview in Marine Biology). Although
shell corrosion was observed, none of the fithegsees examined was negatively
impacted by OA, not even reproduction and earlypetformance. In contrast to this
observed high tolerance of Kiel Fjord barnaclesyéxer, natural growth rates of the acorn
Balanus glandulavere reduced during upwelling events along théraknoast of Oregon,
USA (Sanford and Menge 2001; see also Philips 2@Xnner et al. 2007), possibly
explained by reduced OA when upwelling occurred.

Tjarnod barnacles from a more oceanic environment

In contrast to earlier observations AnimprovisusgPansch et al. 2012; Pansch et
al. under review in Marine Biology) and to the atvsg¢ions in the present study on the
Kiel population,A. improvisusrom Tjarnd was negatively impacted by OA of noatin
3000 patmpCO,. Barnacle growth was unaffected by acidificatierels predicted for the
open ocean by the end of this century (~1000 ya@®,; Caldeira and Wickett 2005)
when enough food was accessible but was reduceetr weduced food. DW, AW and CI
were only significantly affected by feeding but tieneral response patterns were the same
as for diameter growth. This conditional OA impdubwever, vanished under prolonged
treatment (>4 weeks). This may be due to the faat mortality was 10-20 times higher
than in the Kiel population (this study and Pansthl. under review in Marine Biology)
and that sensitive individuals may have died by kvBe Under the most severe OA
treatments mortality was almost twice as high ageufowest OA. This selective mortality
under OA stress and the reduced sensitivity osthrgivors may be, however, indicative of

a substantial potential for adaptation.

Population specific responses

The fact thapCO, treatments differed slightly between the Kiel (4986 and 2720
patm) and the Tjarno (562, 1123 and 3211 patm)rerpat and the fact that we did not
interchange barnacles from one to the other exmatiah setup does not allow direct
comparisons of the two experiments. We show, howes@me evidence that barnacles
from the Tjarnd Archipelago respond more sensiyivel OA than barnacles from the Kiel

Fjord. Barnacle mortality was 10-20 times highethia Tjarndé population compared to the
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Kiel population, while mortality in general was low both experiments compared to
studies on other barnacle species (Findlay etQfl92Findlay et al. 2010a, b). Barnacles
from Kiel showed no growth response to OA even urlde most severpCO, treatments
(2720 patm) while Tjarn6 barnacles already sufférech 1123 patnpCO, when food was
limited. This supports the hypothesis that barrmsadtem fluctuating habitats are more
tolerant to OA than barnacles from more stable wiceanvironments. Possibly, the Kiel
population is pre-selected to environmental stress.

It was reported that genotype frequencies of admmacles in high and low
intertidal populations were similar in freshly $edt juveniles but showed strong allelic
differences at loci associated with stress tolexaafter a period of post-settlement
mortality (Schmidt and Rand 2001; Sanford and Kelhj1), referred to as “phenotype-
environment mismatch” (Marshall et al. 2010). Thisis likely that over many
generations, selective mortality on barnacles chakk generated a less sensitive barnacle
population with respect to OA. Similar results wegported in a comparison of polar and
sub-polar barnacle populations 8f balanoidegFindlay et al. 2009, 2010a, b, c). A
comparison ofMytilus spp from the North- and Baltic Sea indicates, thatglderm
acclimation to elevatedCQO; in the Baltic Sea likely increases the ability adoify under
acidified conditions (Michaelidis et al. 2005; Ries al. 2009; Thomsen et al. 2010).
Although invertebrate larvae are generally beliei@tie more sensitive to environmental
stressors (Gosselin and Qian 1997), barnacle lafv@® Tjarn6é showed a similar
insensitivity to OA (Pansch, unpublished Data) iasbéirnacle larvae from Kiel (Pansch et
al. 2012; present study). Larvae from the relatachécle specie&. amphitriteshowed to
be also rather insensitive to OA stress (McDonall.e2009).

The two habitats differ strongly with respect te galinity, with a higher mean and
stronger fluctuations in the Tjarnd Archipelagon@&A. improvisughrives better in more
brackish habitats (Nasrolahi et al. 2012; Nasro&thal. under review in Marine Biology),
these high salinities might act as an additionadssbr to barnacles leading to a higher
sensitivity towards OA stress.

From the present study and from earlier investigetiit becomes evident that OA
driven responses of barnacles are largely deperatinipe species and on the population
investigated (McDonald et al. 2009; Findlay et2809; Findlay et al. 2010a, b, c; Pansch
et al. under review in Marine Biology). Supportiag seasonality in the response of
barnacles to OA, Pansch et al. (under review iniddaBiology) demonstrates that a cohort

of A. improvisusindividuals collected in autumn suffered from OAL930 patmpCO,)
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after 10 weeks while in the present study with amaele cohort collected in early summer,
even after 20 weeks no effects of OA (up to 2726npC0O,) were observed. Thus

summer cohorts of barnacles might be more resit@@@A than autumn cohorts.

Conclusions

Seasonal fluctuations in carbonate chemistry ofll@vacoastal areas can be
tremendous and local organisms might have adaptedge with these fluctuations over
many generations. This study supports the hypaht#st barnacle populations from
fluctuating pCO, environments are more tolerant to OA than barsaftlan more stable
pCO, habitats. In the course of global change, howeatenospheric C®concentrations
will continue to rise (IPCC 2007) and will amplif9A in coastal waters (Melzner et al.
2012) and thus will, most likely, impair barnaclegsérformance in the long term.
Eutrophication and thus increasing food availapibis well as other factors such as
warming have the potential to mitigate the negateftects of OA. A potential for
adaptation of these organisms to OA over many géioes seems to further exist.
Consequently, the predicted OA for the next cowbleundred years does not represent a
major direct threat for this species. Communityicures are nevertheless susceptible to
possible changes in an acidified ocean due to epagecific differences in sensitivities to
OA within a community (Fabricius et al. 2011; Haleal. 2011).

Acknowledgements

We thank Sebastian Fessler, Arne Koértzinger and dyiaierspel for pH,Cr and Ar
measurements, Martin Ogemark for valuable helpénlaboratory and Rolf Schmaljohann
for providing SEM facilities. This project was fineed by the cluster of excellence “The
Future Ocean” (Deutsche Forschungsgesellschaft -G;DNeglected Bottleneck:
D1067/34.1), the BioAcid project (Federal Ministfy Education and Research — BMBF,;
D10/4.1.2; FKZ 03F0608A) and the EU FP7 researtiastructure initiative ASSEMBLE
(grant agreement no. 227799). We thank the Sveréh.dventre for Marine Sciences —
Tjarno for kind hosting and collaborations.

130



Publication IV

References

Anderson DT (1994) Barnacles: Structure, Functi@evelopment and Evolution.
Chapman & Hall, London, UK.

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVAsr PRIMER: Guide to
Software and Statistical Methods. PRIMER-E, PlyrhouwK. 214 pp, Vol

Appelhans YS, Thomsen J, Pansch C, Melzner F, WMafalccepted) Not so sour times for
benthic predators - the influence of seawater fcadion on growth, feeding
behavior and acid-base status of Asterias rubedsCamcinus maenas. Mar Ecol
Prog Ser

Barnes H, Klepal W, Mitchell BD (1976) Organic ambrganic composition of some
cirripede shells. J Exp Mar Biol Ecol 21:119-127

Berntsson KM, Jonsson PR (2003) Temporal and dpp#iierns in recruitment and
succession of a temperate marine fouling assemblageomparison of static
panels and boat hulls during the boating seasarfoing 19:187-195

Blackford JC, Gilbert FJ (2007) pH variability a@D, induced acidification in the North
Sea. J Mar Syst 64:229-241

Bourget E (1987) Barnacle shells: composition, citme and growth. In: Southward AJ
(ed) Barnacle biology. Balkema, The Netherlands2¢p-286.

Caldeira K, Wickett ME (2003) Anthropogenic carkesnd ocean pH. Nature 425:365-365

Caldeira K, Wickett ME (2005) Ocean model predictoof chemistry changes from
carbon dioxide emissions to the atmosphere anchode@eophys Res 110:C09S04

Clarke KR, Gorley RN (2006) PRIMER v6: User Maniakorial. PRIMER-E, Plymouth.

Costlow JD, Bookhout CG (1957) Body growth versuglls growth in Balanus
improvisus Biological Bulletin 113:224-232

Dickson AG (1990) Standard potential of the reen:t+ia§\gCls+1/2H29=Ags+HCIaq and the
standard acidity constant of the ion HS@ synthetic sea-water from 273.15-K to
318.15-K. J Chem Thermodyn 22:113-127

Dickson AG, Afghan JD, Anderson GC (2003) Referemuaterials for oceanic GO
analysis: a method for the certification of totikiadinity. Mar Chem 80:185-197

Dickson AG, Sabine CL, Christian JR (2007) Guid®8é&st Practices for Ocean CO2

Measurements. PICES Special Publication 3, IOCQsbR&o0. 8.

Doney SC, Fabry VJ, Feely RA, Kleypas JA (2009) &rcacidification: The other GO
problem. In: Annual Review of Marine Science, BabkAnnual Reviews, Palo
Alto

131



Publication IV

Dupont S, Ortega-Martinez O, Thorndyke M (2010) &oip of near-future ocean
acidification on echinoderms. Ecotoxicology 19452

Durr S, Wahl M (2004) Isolated and combined impaxftblue musselsMytilus edulig
and barnacles Balanus improvisys on structure and diversity of a fouling
community. J Exp Mar Biol Ecol 306:181-195

Eqgilsdottir H, Spicer JI, Rundle SD (2009) The effef CG, acidified sea water and
reduced salinity on aspects of the embryonic deweént of the amphipod
Echinogammarus mariny&each). Mar Pollut Bull 58:1187-1191

Fabricius KE, Langdon C, Uthicke S, Humphrey C, Mo S, De'ath G, Okazaki R,
Muehllehner N, Glas MS, Lough JM (2011) Losers avidners in coral reefs
acclimatized to elevated carbon dioxide concemnati Nat Clim Change, 1:165-
169

Fabry VJ, Seibel BA, Feely RA, Orr JC (2008) Imgact ocean acidification on marine
fauna and ecosystem processes. ICES J Mar Sci483A

Feely RA, Alin SR, Newton J, Sabine CL, Warner Mewbl A, Krembs C, Maloy C
(2010) The combined effects of ocean acidificatimixing, and respiration on pH
and carbonate saturation in an urbanized estuatyiak Coast Shelf Sci 88:442-
449

Feely RA, Sabine CL, Hernandez-Ayon JM, lanson [@Jesl B (2008) Evidence for
upwelling of corrosive "acidified" water onto theortinental shelf. Science
320:1490-1492

Findlay HS, Burrows MT, Kendall MA, Spicer JI, Widdmbe S (2010c) Can ocean
acidification affect population dynamics of the tecleSemibalanus balanoides
its southern range edge? Ecology 91:2931-2940

Findlay HS, Kendall MA, Spicer Jl, Widdicombe S (®) Future high CO2 in the
intertidal may compromise adult barna@demibalanus balanoidesurvival and
embryonic development rate. Mar Ecol Prog Ser 383202

Findlay HS, Kendall MA, Spicer JI, Widdicombe S {2@) Post-larval development of
two intertidal barnacles at elevated £4hd temperature. Mar Biol 157:725-735

Findlay HS, Kendall MA, Spicer JI, Widdicombe S {2B) Relative influences of ocean
acidification and temperature on intertidal baregmbst-larvae at the northern edge
of their geographic distribution. Estuar Coast £8el 86:675-682

Gattuso J-P, Hansson L (2011) Ocean acidificatibmnversity Press Oxford, Oxford.

132



Publication IV

Gazeau F, Quiblier C, Jansen JM, Gattuso JP, Muddg!lJJ, Heip CHR (2007) Impact of
elevated CQ@on shellfish calcification. Geophys Res Lett 34.603

Gosselin LA, Jones LA (2010) Effects of solar réidia on barnacle settlement, early post-
settlement mortality and community developmenthia intertidal zone. Mar Ecol
Prog Ser 407:149-158

Gosselin LA, Qian PY (1997) Juvenile mortality ierithic marine invertebrates. Mar Ecol
Prog Ser 146:265-282

Hale R, Calosi P, McNeill L, Mieszkowska N, Widdmbe S (2011) Predicted levels of
future ocean acidification and temperature risddailter community structure and
biodiversity in marine benthic communities. Oik@#)1661-674

Hall-Spencer JM, Rodolfo-Metalpa R, Martin S, RansdE, Fine M, Turner SM, Rowley
SJ, Tedesco D, Buia MC (2008) Volcanic carbon dlexvents show ecosystem
effects of ocean acidification. Nature 454:96-99

Hines AH (1978) Reproduction in three species deériidal barnacles from central
California. The Biol Bull 154:262-281

Hjalmarsson S, Wesslander K, Anderson LG, OmstedPéttila M, Mintrop L (2008)
Distribution, long-term development and mass badarealculation of total
alkalinity in the Baltic Sea. Cont Shelf Res 28:53

IPCC (2007) Climate change 2007: the physical sedpmasis. Contribution of working
group | to the fourth assessment report of thergmeernmental Panel on Climate
Change., Vol. Cambridge University Press, Cambridlijeted Kingdom and New
York, NY, USA

Jarrett JN (2003) Seasonal variation in larval @bod and postsettlement performance of
the barnacl&emibalanus balanoideEcology 84:384-390

Jones LWG, Crisp DJ (1954) The larval stages obtr@acleéBalanus improvisu®arwin.
Proc Zool Soc Lond 123:765-780

Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Blanalysis reveals negative yet
variable effects of ocean acidification on marirrgamisms. Ecol Lett 13:1419-
1434

Kurihara H, Matsui M, Furukawa H, Hayashi M, IshisiaA (2008) Long-term effects of
predicted future seawater G@onditions on the survival and growth of the marin
shrimpPalaemon pacificus] Exp Mar Biol Ecol 367:41-46

Langdon C, Gattuso J-P, Andersson A (2011) Measemé&n of calcification and

dissolution of benthic organisms and communitiesGunde to best practices for

133



Publication IV

ocean acidification research and data reportingb&sell U, Fabry VJ, Hansson L,
Gattuso J-P, European Commission, Office CDMA 03/H:-1049 Brussels.
Lannig G, Eilers S, Portner HO, Sokolova IM, Bock (€010) Impact of ocean
acidification on energy metabolism of oyst€rassostrea gigas Changes in

metabolic pathways and thermal response. Mar DBu2f318-2339

Larsson H (2010) Physicochemical variation in setewand effects of ocean acidification
on blue mussels. Degree project for Bachelor oéi8m in Biology, Department of
Marine Ecology, University of Gothenburg.

Marshall DJ, Allen RM, Crean AJ (2008) The ecoladiand evolutionary importance of
maternal effects in the sea. In: Gibson RN, Atkm$®JA, Gordon JDM (eds)
Oceanography and Marine Biology: An Annual Revié¥o| 46, Book 46. Crc
Press-Taylor & Francis Group, Boca Raton

Marshall DJ, Monro K, Bode M, Keough MJ, Sweare(2810) Phenotype-environment
mismatches reduce connectivity in the sea. Ecdl13:128-140

Mayor DJ, Matthews C, Cook K, Zuur AF, Hay S (20€0.-induced acidification affects
hatching success Balanus finmarchicusMar Ecol Prog Ser 350:91-97

McDonald MR, McClintock JB, Amsler CD, Rittschof DAngus RA, Orihuela B,
Lutostanski K (2009) Effects of ocean acidificatiomer the life history of the
barnacleAmphibalanus amphitriteéMar Ecol Prog Ser 385:179-187

Melzner F, Gutowska MA, Langenbuch M, Dupont S,dasgen M, Thorndyke MC, Bleich
M, Portner HO (2009) Physiological basis for higl©Ctolerance in marine
ectothermic animals: pre-adaptation through lifiesstyand ontogeny?
Biogeosciences 6:2313-2331

Melzner F, Stange P, Trubenbach K, Thomsen J, €adfi Panknin U, Gorb SN,
Gutowska MA (2011) Food supply and seawgi€O, impact calcification and
internal shell dissolution in the blue musksftilus edulis Plos One 6

Melzner F, Thomsen J, Koeve W, Oschlies A, GutowdkaBange H, Hansen H,
Kortzinger A (2012) Future ocean acidification wile amplified by hypoxia in
coastal habitats. Mar Biol:1-14

Michaelidis B, Ouzounis C, Paleras A, Pértner HOO&®) Effects of long-term moderate
hypercapnia on acid-base balance and growth ratmanne musseldMytilus

galloprovincialis Mar Ecol Prog Ser 293:109-118

134



Publication IV

Miller AW, Reynolds AC, Sobrino C, Riedel GF (2008hellfish face uncertain future in
high CQ world: influence of acidification on oyster larvealcification and growth
in estuaries. Plos One 4:e5661

Millero FJ, Graham TB, Huang F, Bustos-Serrano li&rBt D (2006) Dissociation
constants of carbonic acid in seawater as a fumaifosalinity and temperature.
Mar Chem 100:80-94

Nasrolahi A, Pansch C, Lenz M, Wahl M (2012) Beyuging in a changing world: how
temperature and salinity changes interactively fyottie performance of larval
stages of the barnackenphibalanus improvisu$/ar Biol 159:331-340

Nasrolahi A, Pansch C, Wahl M (under review) Temapge and salinity interactively
early post-larval development - a bottleneck imiate’s ontogeny. Mar Biol

Nasrolahi A, Pansch C, Lenz M, Wahl M (2012) Beyuging in a changing world: how
temperature and salinity changes interactively myothe performance of larval
stages of the barnackenphibalanus improvisu$/ar Biol 159:331-340

Nasrolahi A, Sari A, Saifabadi S, Malek M (2007 ¥dets of algal diet on larval survival
and growth of the barnaclamphibalanus(=Balanug improvisus J Mar Biol
Assoc UK 87:1227-1233

Nienhuis S, Palmer AR, Harley CDG (2010) Elevategd?Caffects shell dissolution rate
but not calcification rate in a marine snail. PiecSoc Lond, Ser B: Biol Sci
277:2553-2558

Pansch C, Nasrolahi A, Appelhans YS, Wahl M (urrderew) Ocean warming and ocean
acidification - impacts on juvenil@mphibalanus improvisu#lar Biol

Pansch C, Nasrolahi A, Appelhans YS, Wahl M (20m2pacts of ocean warming and
acidification on the larval development of the k@le Amphibalanus improvisug
Exp Mar Biol Ecol 420-421:48-55

Parker LM, Ross PM, O'Connor WA (2009) The effe€t omean acidification and
temperature on the fertilization and embryonic dmwment of the Sydney rock
oysterSaccostrea glomeratgould 1850). Global Change Biol 15:2123-2136

Parker LM, Ross PM, O'Connor WA (2010) Comparing éffect of elevatepCO, and
temperature on the reproduction and early developmoitwo species of oysters.
Mar Biol 157:2435-2452

Parker LM, Ross PM, O'Connor WA, Borysko L, Raf@8, Porther HO (2012) Adult
exposure influences offspring response to oceadif@eaition in oysters. Global
Change Biol 18:82-92

135



Publication IV

Phillips NE (2005) Growth of filter-feeding benthiavertebrates from a region with
variable upwelling intensity. Mar Ecol Prog Ser 22589

Pierrot D, Lewis E, Wallace DWR (2006) MS Excel gram developed for C{Osystem
calculations. Macro for low salinities., Vol. Carb®ioxide Information Analysis
Center, Oak Ridge National Laboratory, U.S. Departof Energy, Oak Ridge,
Tenessee

Ries JB (2011) A physicochemical framework for ipteting the biological calcification
response to C&induced ocean acidification. Geochim CosmochimaAt5:4053-
4064

Ries JB, Cohen AL, McCorkle DC (2009) Marine cat$ exhibit mixed responses to
CO--induced ocean acidification. Geology 37:1131-1134

Rodolfo-Metalpa R, Houlbreque F, Tambutte E, BaisBpBaggini C, Patti FP, Jeffree R,
Fine M, Foggo A, Gattuso JP, Hall-Spencer JM (20CDhral and mollusc
resistance to ocean acidification adversely aftetie warming. Nat Clim Change,
1:308-312

Salisbury J, Green M, Hunt C, Campbell J (2008)stalaacidification by rivers: A threat
to shellfish? Eos Trans AGU 89

Sanford E, Kelly MW (2011) Local Adaptation in Maei Invertebrates. In: Carlson CA,
Giovannoni SJ (eds) Annual Review of Marine Scien¢el 3, Book 3. Annual
Reviews, Palo Alto

Sanford E, Menge BA (2001) Spatial and temporaiati@n in barnacle growth in a
coastal upwelling system. Mar Ecol Prog Ser 209:133

Schmidt PS, Rand DM (2001) Adaptive maintenanceg@fetic polymorphism in an
intertidal barnacle: Habitat- and life-stage-sgecsiurvivorship of Mpi genotypes.
Evolution 55:1336-1344

Shanks AL (2009) Barnacle settlement versus raoant as indicators of larval delivery.
I. Effects of post-settlement mortality and recrdegnsity. Mar Ecol Prog Ser
385:205-216

Shim J, Kim D, Kang YC, Lee JH, Jang ST, Kim CH{2p Seasonal variations pCO,
and its controlling factors in surface seawatethefnorthern East China Sea. Cont
Shelf Res 27:2623-2636

Skinner LF, Siviero FN, Coutinho R (2007) Comparatgrowth of the intertidal barnacle
Tetraclita stalactifera(Thoracica : Tetraclitidae) in sites influenced ugywelling

and tropical conditions at the Cabo Frio regiorg#ir Rev Biol Trop 55:71-77

136



Publication IV

Smith SV, Key GS (1975) Carbon-dioxide and metaboliin marine environments.
Limnol Oceanogr 20:493-495

The BACC author team (2008) Assessment of climaenge for the Baltic Sea Basin,
Vol. Springer, Berlin-Heidelberg

Thiyagarajan V, Harder T, Qian PY (2002) Relatiopgbetween cyprid energy reserves
and metamorphosis in the barnadBalanus amphitrite Darwin (Cirripedia;
Thoracica). J Exp Mar Biol Ecol 280:79-93

Thiyagarajan V, Harder T, Qiu JW, Qian PY (2003kHEyy content at metamorphosis and
growth rate of the early juvenile barna@alanus amphitrite Mar Biol 143:543-
554

Thiyagarajan V, Hung OS, Chiu JMY, Wu RSS, Qian R¥05) Growth and survival of
juvenile barnacleBalanus amphitriteinteractive effects of cyprid energy reserve
and habitat. Mar Ecol Prog Ser 299:229-237

Thiyagarajan V, Pechenik JA, Gosselin LA, Qian R¥(Q7) Juvenile growth in barnacles:
combined effect of delayed metamorphosis and sihiadleexposure of cyprids to
low-salinity stress. Mar Ecol Prog Ser 344:173-184

Thomsen J, Gutowska M, Saphorster J, Heinemann wWipehbach K, Fietzke J,
Hiebenthal C, Eisenhauer A, Kortzinger A, Wahl Melieher F (2010) Calcifying
invertebrates succeed in a naturally £{0h coastal habitat but are threatened by
high levels of future acidification. Biogeosciende3879-3891

Wahl M, Shahnaz L, Dobretsov S, Saha M, SymanowsKlavid K, Lachnit T, Vasel M,
Weinberger F (2010) Ecology of antifouling resistarn the bladder wradkucus
vesiculosuspatterns of microfouling and antimicrobial prdien. Mar Ecol Prog
Ser 411:33-U61

Waite JH, Saleuddin ASM, Andersen SO (1979) Pedost - soluble precursor of
sclerotized periostracum Mytilus edulis- L. J Comp Physiol 130:301-307

Whiteley NM (2011) Physiological and ecological pesses of crustaceans to ocean
acidification. Mar Ecol Prog Ser 430:257-271

Wootton JT, Pfister CA, Forester JD (2008) Dynapetterns and ecological impacts of

declining ocean pH in a high-resolution multi-ydataset. Proc Natl Acad SciU S A
105:18848-18853

137



Publication IV

Tables

Table 1: Feeding treatments in cells per ml @haetoceros calcitranand Skeletonema
costatum(1:1 mixture) and in number of individuals of kirshrimp nauplii Artemia
saling as well as total C (after Troedsson et al. 2@@¥aetoceros calcitrans 4.6 = 0.3
pg C cell’; Granum et al. 2008keletonema costatum19 + 4 pg C ceft; Hii et al. 2008:
Artemia salinanauplii = 0.905.g C Ind") over the different feeding treatments in the Kiel

experiment over 20 weeks (equivalent to the Tjax@eriment).

high-food low-food high-food low-food
week diatoms Artemia diatoms Artemia C

[cells mI-1] [ # of individuals] [cells mI-1] [ # of individuals] [ug]
0 64000 13000 2676 544
3 64000 3000 13000 600 5353 1087
4 64000 6000 13000 1200 8106 1630
5 11829 2403 10705 2175
6 20699 4200 18733 3801
7 29570 6000 26761 5430
8 38441 7688 34789 6958
9 44355 8871 40141 8028
10 59140 11828 53522 10704
11 65054 13011 58874 11775
20 65054 13011 58874 11775
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Table 2: In-Situ measurements of temperature, salinityngaH pHr and dissolved
inorganic carbon(r) as well as calculated total alkalinit4), pCO,, Qcaicite@Nd Qaragonite
of the Kiel- as well as of the Tjarné experimenden different feeding x acidification
treatment combinations as well as of the watehatrespective field-sites (Kiel: June -

October, Tjarn6: August and September; mean +s.d.)

In-situ measurements calculations
air pCo, T Sal pH pH Cr Ar pCO; Qca Qp
[ppm] (i NBS Total [umol kg™] [umol kg] [mnatm]
Kiel low-food ambient 19.5+0.4 17.0+18 8.06 +0.06 8.01+0.08 1819.6 +98.1 1934.0+114.6 453.6 £91.7 2.69 +0.52 1.62+0.32
1120 7.71£0.05 7.72+£0.07 1907.1 £100.3 1943.7 £114.2 949.7 £158.3 1.46+£0.30 0.88+0.19
4000 7.19£0.04 7.29£0.04 2048.0 £107.7 1978.0 £ 106.4 2690.4 £ 253.6 0.56 £0.07 0.34£0.04
Kiel high-food ambient 8.12 +0.05 7.95+0.08 1738.9 £155.9 1833.1+174.6 499.0 +103.8 2.27 +0.60 1.37+0.37
1120 7.75 £0.04 7.68 +0.09 1817.9+162.6 1846.9 +178.4 981.5+181.1 1.31+0.42 0.79+0.26
4000 7.21+0.03 7.26 +0.05 1972.6 £ 154.0 1898.6 + 158.3 2750.0 £ 304.6 0.52+0.11 0.31+0.07
Kiel Fjord 16.7+1.4 16.8+1.9 7.91£0.26 7.86£0.32 1965.4 £133.1 2025.1+116.8 780.4 £990.2 1.89+0.98 1.12+0.60
Kiel F1 larvae ambient 20.2+0.2 20.4+0.3 8.18 £0.05 8.04 £0.02 2139.2+£64.0 2309.1£69.1 461.2 £32.7 3.78+0.27 2.32+0.16
and juveniles 1120 7.79 £0.05 7.77 £0.04 2291.8+44.6 2367.7£52.0 957.5+91.7 2.22+0.24 1.36+0.15
4000 7.25+0.05 7.46 +0.07 2477.6 £ 86.6 2461.2+94.6 2148.6 £322.1 1.18+0.21 0.73+0.13
Tjarno low-food ambient 19.7+05 19.3+4.0 8.12£0.09 7.99 £0.05 2122.2+£301.1 2268.1+347.5 526.4 £58.2 3.26+0.89 2.02+0.59
977 7.79£0.12 7.66 £0.04 2087.6 £334.2 2122.2£350.6 1141.7 +£151.00 1.48+0.39 0.91£0.26
3000 7.32+0.04 7.23+0.03 2265.6 +343.3 2179.3 £336.7 3255.9+429.7 0.59+0.13 0.36£0.09
Tjarno high-food ambient 8.08 +0.08 7.93+0.07 2064.8 +337.7 2182.8+379.1 596.8 + 98.6 2.76 +0.88 1.70+0.57
977 7.80£0.17 7.67 £0.04 2090.4 £380.9 2129.4£395.4 1104.1+193.1 1.54 +0.40 0.95+0.26
3000 7.32£0.05 7.25+£0.03 2297.4£326.9 2215.7 £319.5 3164.6 £421.0 0.62+0.12 0.38+0.08
Tjarno Archipelago 17313 20.9+3.9 8.16 £0.10 8.05+0.11 1849.1£274.8 1994.7 £339.3 401.5 £65.1 3.13+1.35 1.92+0.86
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Table 3: Repeated Measures PERMANOVA results of growth asab diameter, dry
weight and ash weight as well as the condition xndeAmphibalanus improvisusom
Kiel Fjord over 20 weeks under different feedingeidificationtreatment combinations
using Bray Curtis similarity matrices with 9999 pratations (N=8; p (MC) = p value after
Monte Carlo correction). Significant effects arebimid.

d.f. SS MS Pseudo-F p (perm) Unique perms p (MC)
basal diameter feeding 1 10690.000 10690.000 1219.600 <0.001 9929 <0.001
acidification 2 3.439 1.719 0.196 0.955 9948 0.954
time 3 98052.000 32684.000 3729.000 <0.001 9947 <0.001
feeding x acidification 2 4.613 2.307 0.263 0.915 9936 0.913
feeding x time 3 4727.300 1575.800 179.780 <0.001 9963 <0.001
acidification x time 6 15.476 2.579 0.294 0.993 9914 0.993
feeding x acidification x time 6 9.953 1.659 0.189 1.000 9930 0.999
dry weight feeding 1 37365.000 37365.000 406.160 <0.001 9935 <0.001
acidification 2 83.789 41.894 0.455 0.903 9928 0.898
time 3 335270.000 111760.000 1214.800 <0.001 9939 <0.001
feeding x acidification 2 101.200 50.600 0.550 0.838 9943 0.817
feeding x time 3 86930.000 28977.000 314.980 <0.001 9944 <0.001
acidification x time 6 340.830 56.805 0.617 0.935 9897 0.930
feeding x acidification x time 6 287.600 47.933 0.521 0.981 9899 0.977
ash weight feeding 1 34611.000 34611.000 256.180 <0.001 9947 <0.001
acidification 2 150.730 75.365 0.558 0.904 9916 0.824
time 3 336690.000 112230.000 830.670 <0.001 9945 <0.001
feeding x acidification 2 242.180 121.090 0.896 0.555 9911 0.507
feeding x time 3 82905.000 27635.000 204.540 <0.001 9924 <0.001
acidification x time 6 481.690 80.282 0.594 0.985 9865 0.953
feeding x acidification x time 6 674.880 112.480 0.833 0.772 9867 0.697
condition index feeding 1 11715.000 11715.000 71.205 <0.001 9942 <0.001
acidification 2 207.080 103.540 0.629 0.727 9942 0.688
time 3 12162.000 4053.900 24.640 <0.001 9923 <0.001
feeding x acidification 2 207.770 103.890 0.631 0.733 9937 0.687
feeding x time 3 3292.600 1097.500 6.671 <0.001 9922 <0.001
acidification x time 6 1490.200 248.360 1.510 0.075 9916 0.095
feeding x acidification x time 6 709.590 118.260 0.719 0.818 9907 0.768
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Table 4: PERMANOVA and Repeated Measures PERMANOVA resuftanortality,
moults and larval release @&mphibalanus improvisufom Kiel Fjord under different
feeding x acidification treatment combinations gsiBuclidean distance matrices with
9999 permutations (N=8 for mortality; N=5 for mauénd larval release; p (MC) = p value

after Monte Carlo correction). Significant effeat® in bold.

d.f. SS MS Pseudo-F p (perm) Unique perms p (MC)
mortality feeding 1 0.008 0.008 1.002 0.335 9809 0.328
acidification 2 0.034 0.017 2.067 0.133 9955 0.139
feeding x acidification 2 0.003 0.002 0.202 0.834 9949 0.818
moults feeding 1 217.270 217.270 0.690 0.413 9831 0.398
acidification 2 3720.000 1860.000 5.910 0.003 9950 0.004
time 3 0.000 0.000 0.000 1.000 9951 1.000
feeding x acidification 2 248.810 124.400 0.395 0.680 9949 0.678
feeding x time 3 1045.300 348.440 1.107 0.350 9949 0.357
acidification x time 6 1761.600 293.600 0.933 0.487 9943 0.477
feeding x acidification x time 6 1717.700 286.290 0.910 0.498 9944 0.485
larval release feeding 1 19391.000 19391.000 30.246 <0.001 9871 <0.001
acidification 2 1512.300 756.130 1.179 0.313 9955 0.308
time 3 0.000 0.000 0.000 1.000 9965 1.000
feeding x acidification 2 1491.500 745.770 1.163 0.318 9951 0.329
feeding x time 3 420.040 140.010 0.218 0.885 9955 0.882
acidification x time 6 2922.800 487.140 0.760 0.612 9933 0.608
feeding x acidification x time 6 1564.800 260.800 0.407 0.877 9958 0.880
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Table 5: Factorial ANOVA results of breaking resistancewiaek 12 and week 20, net-
calcification, larval settlement and larval growdh Amphibalanus improvisusom Kiel
Fjord barnacles as well as mortality from Tjarnéna&les under different feeding x
acidification treatment combinations (N=8 for brieak resistance; N=6 for net-
calcification rate; N=6 for larval settlement; N#dr juvenile growth; N=6 for Tjarno
mortality). Significant effects are in bold.

d.f. SS MS F p

Kiel breaking resistance wk 12 feeding 1 28781.948 28781.948 7.864 0.008

acidification 2 986.879 493.440 0.135 0.874

feeding x acidification 2 3721.596 1860.798 0.508 0.605

breaking resistance wk 20 feeding 1 99069.700 99069.700 11.142 0.002

acidification 2 4360.333 2180.166 0.245 0.784

feeding x acidification 2 11035.514 5517.757 0.621 0.542

net-calcification rate feeding 1 0.204 0.204 0.959 0.335
acidification 2 5.490 2.745 12.904 <0.001

feeding x acidification 2 0.388 0.194 0.912 0.412

larval settlement feeding 1 0.002 0.002 0.175 0.679

acidification 2 0.010 0.005 0.422 0.659

feeding x acidification 2 0.031 0.016 1.270 0.296

postlarval growth feeding 1 0.001 0.001 1.130 0.303

acidification 2 0.001 0.001 0.669 0.525

feeding x acidification 2 0.003 0.002 1.769 0.200

Tjarnd mortality feeding 1 0.186 0.186 1.157 0.291

acidification 2 2.727 1.364 8.482 0.001

feeding x acidification 2 0.029 0.014 0.089 0.915
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Table 6: Repeated Measures PERMANOVA results of growth asab diameter, dry
weight and ash weight as well as the conditionxraled factorial ANOVA of mortality of
Amphibalanus improvisufrom the Tjarnd Archipelago over 5 weeks undeifedént
feeding x acidification treatment combinations gsBray Curtis similarity matrices with
9999 permutations (N=6; p (MC) = p value after MoiEarlo correction). Significant
effects are in bold.

d.f. SS MS F/Pseudo-F p/p(perm) Unique perms P(MC)
basal diameter feeding 1 5104.500 5104.500 157.680 <0.001 9911 <0.001
acidification 2 457.690 228.840 7.069 0.001 9939 0.002
time 2 3562.200 1781.100 55.018 <0.001 9954 <0.001
feeding x acidification 2 69.726 34.863 1.077 0.343 9942 0.345
feeding x time 2 271.840 135.920 4.199 0.018 9954 0.013
acidification x time 4 162.390 40.598 1.254 0.293 9936 0.294
feeding x acidification x time 4 11.247 2.812 0.087 0.994 9957 0.995
dry weight feeding 1 19093.000 19093.000 43.984 <0.001 9943 <0.001
acidification 2 1400.900 700.430 1.614 0.126 9942 0.133
time 2 102460.000 51230.000 118.020 <0.001 9941 <0.001
feeding x acidification 2 517.420 258.710 0.596 0.767 9943 0.742
feeding x time 2 33464.000 16732.000 38.545 <0.001 9943 <0.001
acidification x time 4 1543.500 385.880 0.889 0.572 9914 0.559
feeding x acidification x time 4 2477.600 619.410 1.427 0.135 9905 0.144
ash weight feeding 1 18360.000 18360.000 43.025 <0.001 9941 <0.001
acidification 2 1417.500 708.770 1.661 0.118 9929 0.130
time 2 102680.000 51338.000 120.310 <0.001 9952 <0.001
feeding x acidification 2 482.290 241.140 0.565 0.790 9935 0.770
feeding x time 2 31900.000 15950.000 37.378 <0.001 9925 <0.001
acidification x time 4 1534.200 383.560 0.899 0.554 9924 0.550
feeding x acidification x time 4 2399.600 599.910 1.406 0.153 9928 0.152
condition index feeding 1 3362.700 3362.700 25.296 <0.001 9925 <0.001
acidification 2 183.080 91.542 0.689 0.546 9949 0.525
time 2 1669.600 834.800 6.280 0.002 9942 0.001
feeding x acidification 2 6.140 3.070 0.023 0.998 9954 0.998
feeding x time 2 618.340 309.170 2.326 0.091 9951 0.095
acidification x time 4 979.100 244.780 1.841 0.115 9942 0.114
feeding x acidification x time 4 428.810 107.200 0.806 0.546 9949 0.547

143



Publication IV

Table 7: Summary table of the achieved results illustratiags-life cycle eutrophication
and OA effects on the barnadenphibalanus improvisusom two distinct habitats with
respect to carbonate chemistry fluctuations (pasigffects are indicated in light grey,

negative effects are indicated in dark grey).

eutrophication acidification
Kiel population growth (diameter) positive
growth (DW and AW) positive
Cl positive
survival
moulting - increased
reproduction (larval release) positive

shell strength (breaking resistance) positive
net-calcification

shell shape

development of F1 larvae

growth of F1 juveniles

Tjarnoé population growth (diameter) positive
growth (DW and AW) positive
Cl positive
survival
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Figures

Figure 1. Logged water temperatura)(and salinity ) as well as measured pH (NBS
scale;c) andpCO; (d) during the experimental period of 20 weeks (stgré" of June
2012) in Kiel Fjord and the Tjarnd Archipelago la¢ ffield-sites of the respective barnacle
field controls in 1.5 m depth (fit type farandb: negative exponential weighted LS).

22 30
2 b
g'—)' 18 25
()
gl z
5 £ 20 fa
Gé-14 1)
D 12
10| £ Kiel X, |
Tjarné »
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
week week
8,6 1400
C d
8,4 1200
8,2 "= 1000
@ ©
Z80 = 800
I N
o (@]
7.8 2 600
7,6 400
7,4 200
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
week week

145



Publication IV

Figure 2: Growth in basal diameter), dry weight b) and ash weightc( equivalent to
shell mass) as well as the condition indéxdf Amphibalanus improvisusom Kiel Fjord
over 20 weeks under different feeding (high-food+=low-food = -) x acidification
treatment combinations and at the field- site (,sear95% ClIs; N=8; n.a. = no values
available for the respective treatment combinati@ynificant effects are indicated by:
*=p<0.05, **=p<0.01,
PERMANOVA pair-wise tests at p < 0.05 when they it share a line connection

**=p<0.001. Treatment combinations differ according to

(feeding treatment comparisons).
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Figure 3: Mortality (a), moults p), larval released] and breaking resistance in week 12

and week 20d) of Amphibalanus improvisusom Kiel Fjord under different feeding

(high-food = +, low-food = -) x acidificatiotreatment combinations and at the field-site
(means £ 95% Cls; N=8 for a and d; N=5 for b and.e; = no values available for the

respective treatment combination). Significant &8e are indicated by: *={.05,
**=p<0.01, ***=p<0.001. Treatment combinations differ according BRRANOVA

pair-wise testsly, ¢) at p < 0.05 when they do not share a higher s® (acidification

treatment comparisons) or when they do not shdmeaconnection (feeding treatment

comparisons). Treatment combinations differ acewydo Fisher's LSD testlj at p < 0.05

when they do not share a lower case letter (witreek comparisons).
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Figure 4: Net-calcification rates oAmphibalanus improvisugrom Kiel Fjord under
different feeding (high-food = +, low-food = -) xcidification treatment combinations
(means + 95% Cls; N=6). Significant effects areigated by: *=p0.05, **=p<0.01,
***=p <0.001. Treatment combinations differ according igh€r’'s LSD tests at p < 0.05

when they do not share a lower case letter (ligh{r@rea: negative net-calcification).
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Figure 5: Scanning electron microscopy (SEM) photograph&raphibalanus improvisus

from Kiel Fjord under different feeding x acidifit@n treatment combinations in week 19
of the experiment. Grey circles illustrate the powhere the force for the breaking
resistance measurements was applied. Black arr@ptag areas of damaged epicuticula

(1) and dissolution of the outer calcite layers (2)
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Figure 6: Larval settlementd) and juvenile growthk) of Amphibalanus improvisugiel
Fjord) F1 individuals under differemdCO, treatments from adults kept under different
feeding (high-food = +, low-food = -) x acidificat treatment combinations (means *
95% Cls; N=6 for a; N=4 for b).
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Figure 7: Growth in basal diameter), dry weight b) and ash weightc( equivalent to
shell mass) as well as the condition inddk ¢f Amphibalanus improvisusom Tjarn6
over 5 weeks under different feeding (high-food =lew-food = -) x acidification
treatment combinations and at the field-site (mear85% ClIs; N=6; n.a. = no values
available for the respective treatment combinati@ynificant effects are indicated by:
*=p<0.05, **=p<0.01, ***=p<0.001. Treatment combinations differ according to
PERMANOVA pair-wise tests at p < 0.05 when theyrdu share a higher case letter
(acidification treatment comparisons) or when tdeynot share a line connection (feeding

treatment comparisons).
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Figure 8: Mortality of Amphibalanus improvisuffom Tjarnd under different feeding
(high-food = +, low-food = -) x acidification treaent combinations (means + 95% ClIs;
N=6). Significant effects are indicated by: *p05, **=p<0.01, ***=p<0.001. Treatment
combinations differ according to Fisher's LSD testg < 0.05 when they do not share a

lower case letter.
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Discussion

4. General Discussion

The acorn barnacla. improvisuss a dominant marine calcifier within the Western
Baltic Sea and can be very abundant in nutrieftcastal habitats such as the Kiel Fjord.
Where very low salinities disfavour other compestsuch as the calcifying mussel
Mytilus edulis A. improvisuscan even entirely dominate the hardbottom envirmm
(Pansch pers. observ.). Calcification in marineaargms is one of the main processes
assumed to be impacted OA (Kroeker et al. 2010).0@sed changes on the performance
of this important calcifier within the species pdBaltic Sea could consequently have
major effects on the ecosystem level. Additionadigrly life-history stages are assumed to
be more sensitive to environmental stressors tltat andividuals (Gosselin and Qian
1997). A. improvisusprovides a complex life cycle, involving variousages such as
feeding nauplii and non-feeding cyprids as wellsattled juveniles. Thus, this species
provides an ideal organism to address a wide rafgeesearch questions concerning
possible future changes in the marine realm.

In this thesis, | investigated the sensitivity lo¢ tbarnacldmphibalanus improvisus
towards OA stress in combination with additionalvienmental stressors such as
temperature changes and food availability. Theystudanisms came from the Kiel Fjord,
Germany and the Tjarnd Archipelago in Sweden, whallbws interpretations at the
population level to some extent. As one of the ftsempts, this study evaluates the entire
life cycle of an invertebrate towards OA in comhioa with additional stressors.

Temperature treatments used in the present studgspond to mean late summer
temperatures when settlement and recruitmeAt ahprovisugpeaks within the Kiel Fjord
(20°C), down to temperatures occurring in early sienor autumn when the main season
of recruitment starts or ends (12 °C) as well asperatures based on projected warming
of surface water within the Baltic Sea (24 or 27 T®e BACC Author Team 2008).
Temperatures of 12 and 20 °C are likely experiermedll life stages of the investigated
barnacle species throughout the year already todaymperatures of 27 °C can be
experienced by post-larvae of this species undemater levels when they are exposed to
direct sunlight. This temperature does not occuthen main water body within the Kiel
Fjord today but will be likely be experienced byeKFjord organisms in the near future
(The BACC Author Team 2008). The noticeably hgDO, levels for the present study
were chosen following the high natural variabilitypCO, within the Kiel Fjord (Thomsen
et al. 2010; Wahl et al. 2010) taking predictedifatscenarios into account (Caldeira and
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Wicket 2005; Melzner et al. 2012). The feeding tmeants applied should represent
today’s food availability within the Kiel Fjord (fih-food) and food limitation for

barnacles (low-food). A likely different compositi@f food between the lab and the fjord
environment led to slightly more growth in the fieNevertheless, strong differences in
growth rates of barnacles under the different fegdiieatments indicate different levels of

energy availability to individuals under high-foadd low-food.

Table 4.1 Overview of the sensitivity oAmphibalanus improvisu® either moderate (mod) or severe (sev) OA (in
combination with other stressors). Barnacles stetngither from the Kiel Fjord or the Tjarné Archipgb and
juveniles for the experiments were either colleétedummer or in autumn. The colours indicate tifiece of OA on
the different response variables tested: blue sigwificant effect; red = negative effect; greeasitive effect; grey

= not investigated.

natural -T +T energy
availability
OA food limited

OA at summer T
and food
mod

sev

Kiel nauplii survival

nauplius duration

cyprids survival

settlement

juveniles (summer) survival

growth
cl
moulting

reproduction

shell strength

adhesion strength

net-calcification

shell shape (dissolution)

development of F1 larvae

growth of F1 juveniles

juveniles (autumn) survival

growth
cl
shell strength

Tjarn6 nauplii survival

nauplius duration

size

cyprids

size

juveniles (summer)

growth

Cl

survival

Table 1 summarises the sensitivitiesfofimprovisugowards OA (in combination
with other stressors) based on data from the ptekenis. Nauplius larvae were affected
neither by moderate (<1500 patm) nor by severe @@lfatm) OA under summer
temperature conditions (20 °C) in the Kiel popwatipublication 1) and under 25 °C in
the Tjarno population (publication Il). However,dnoler waters (12 °C) under severe OA
as well as in warmer waters 27 °C) under moderaieti@ larval development of Kiel
individuals was slowed down (publication I). Wargigenerally increased the survival

and rate of development in barnacle larvae, butisyprvae suffered increased mortality
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with increasing temperatures (publication 1). Cgmize and settlement were unaffected by
temperature and OA but survival was enhanced uselegre OA (publication I, II). The
resilience of juvenile barnacles to OA stress Igrgepended on the population as well as
on the response variable investigated. While satyigrowth, CI, reproduction, shell
strength as well as development of the F1 generatickiel barnacles (summer cohorts)
were rather unaffected by OA, moulting frequenay@ased with increasing acidification
of the seawater (publication Il and 1V). Net-céilcation was reduced under increasing
acidification with negative impacts on the shellim@nance of adult barnacles, which
could be observed as dissolution of the outer dlmadler severe OA. When a cohort of
juvenile barnacles was collected in autumn and stigated under OA scenarios in the
laboratory over the winter severe OA negativelgetiéd the growth of these individuals in
the long term (publication 1lI). Juvenile barnacfesm Tjarnd showed a generally higher
sensitivity to OA with reduced growth and survivedder moderate and severe OA when
food was limited (publication V). Only severe OAduced growth and survival when the
food availability was increased (publication IVode availability in general, had a major
and beneficial influence on the performance of puleindividuals, in both the Kiel and

Tjarnd populations of barnacles (publication 1V).

4.1. Larval Stages: From Nauplii to Cyprids

Although OA is thought to especially affect earlfedhistory stages (Kurihara
2008; Dupont et al. 2010), nauplius larvae of tamnhcleA. improvisusvere only affected
when OA was combined with either decreased or asgeé seawater temperatures,
compared to mean summer temperatures of 20°C wéemae naturally develop and
settlement of barnacles peaks. No effects coulddbected in 20°C (considered as natural
summer conditions) in the Kiel or in 25°C (reprds®m slightly elevated temperatures
compared to mean summer temperatures) in the T@opalation. This highlights, on the
one hand, the importance of investigating multipfevironmental factors in ecological
experiments, not to overlook simultaneous effentghie light of “global change”, i.e.
changes occurring in many environmental paramétepsrallel. On the other hand these
findings demonstrate that if an overall warmingea&pected to occur in the Baltic Sea and
other regions in the future (IPCC 2007; The BAC@hauteam 2008), strongly accelerates
the larval development, as seen from the presedyshet-OA effects can be neglected for

155



Discussion

the nauplius phase of this species (Fig. 4.1a,Ib)comparison, nauplius larvae of
copepods Acartia erythraeq showed a significantly increased mortality by @ibd5 %
under pCO, values of even 5360 and 10360 patm (Kurihara eR@Dd4) although the
nauplii tolerated OA of 2360 patpCO, (Kurihara et al. 2004). This indicates a certain
tolerance to future OA in other crustacean nauplii.

Cypris larvae ofA. improvisuswere not affected by OA. Kiel cyprids rather
benefitted from OA but suffered from seawater wagnilf an overall warming, as
expected to occur in the Baltic Sea in the futdriee(BACC author team 2008), strongly
reduces survival of cyprids, as seen from the ptestudy, the net-OA effects can be
neglected, at least for the response variablestigated (Fig. 4.1c, d). Enhanced mortality
under elevated temperature was observed likelytaltlee fact that the non-feeding cypris
stage ultimately depends on the amount of energyraglated during the nauplius stages
and elevated temperatures increase metabolic denzaal] consequently, the likelihood of
energy shortage in cyprids (Thiyagarajan et al.22@D05). It remains, however, unclear
why the survival of cypris larvae was favoured unsiemulated OA. If elevatedCO; led
to a metabolic depression in cyprids (Pértner eP@04), lowered energy demands could
explain the observed higher survival of cyprids em@A. The activity levels of cyprids
were, however, not investigated in the presentystlitte non-feeding cypris’ ability to
find adequate settlement substrates is importargdpulation dynamics (e.g. Dreano et al.
2006). Thus, any effects weakening their sensorghawgisms, as was for example
demonstrated earlier for reef fish (Munday et 809, could have major effects on the
recruitment of barnacles. It was, however, not stigated in the present study whether
OA affects the sensory mechanisms of cyprids.

The late onset of major calcification in barnactgogeny may contribute to the
overall small effects of even severe OA on theeddht life-history stages. While the
deposition of significant amounts of calcium caréenof e.g. echinoderms and bivalves
occurs during larval development it is postponethtophase after settlement in e.g. corals
and barnacles (Kurihara 2008). Although early stagfebarnacles deposit some calcium
carbonate to harden carapace structures (Gohdd2808) these amounts are rather small
compared to postlarval calcification (e.g. Findéyal. 2010a; Nasrolahi 2012). In a recent
study, McDonald et al. (2009) observed no OA effectthe growth ofAmphibalanus
amphitrite larvae. Furthermore, nauplii and copepodites ofefampleA. tsuensiandA.
erythraeawere also unaffected by severe OA (e.g. Kurihdrale2004; Kurihara and

Ishimatsu 2008) while certain calcifying echinoddarvae seem to be very vulnerable to
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OA stress when exposed to simulated OA (e.g. Dupbm. 2008). Similarly, the early
embryogenesis of musseldytilus galloprovinciali3 was unaffected by exposureg@O,
levels of about 2000 patm, and effects only appmkatethe later trochophore stage in
which the shell begins to form (Kurihara et al. 200
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Figure 4.1: Expected responses Af improvisudarvae to future global changes. Wafer-plots regné the nauplius
survival @), the nauplius durationb), the cypris survivald) and the cypris settlementl)( over a range of
temperature andCQO, values. Blue arrows indicate future ocean warnghg3 °C and a future seawaig€O, of
2000 patm; black arrows indicate future ocean wagnoif +6 °C and a future seawat@€O, of 3000 patm
(projections after Caldeira and Wicket 2005; The@A Author Team 2008; Melzner et al. accepted iniar
Biology).

Temperature seems to exert a major control onahall phases of. improvisus
with opposite effects on nauplii and cyprids. Taedano data are available on the
interaction between OA and further stressors swglsainity shifts or food limitation
regarding their impact on the larval phase of belesa | can at this point only speculate
about possible effects. Salinity in general, hagddut variable effects on the performance
of A. improvisudarvae. For the Kiel population, Nasrolahi et(@012) showed that low

salinities of 5 favoured the survival of nauplii vehthe settlement of cyprids was highest
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in medium salinities of 15. Settlement of naive rayp (where nauplii were raised at the
ambient conditions of 20°C and a salinity of 15)swhighest at salinities of 30.
Furthermore, barnacles from Tjarn6 performed béstadinities of 15 (Nasrolahi et al.
2012). It seems that the cyprids generally prefsligitly higher salinity than the nauplii.
An expected desalination of seawater within thetiB&ea will however likely further

promoteA. improvisudarval development in the future.

4.2. From Juveniles to adults and the F1 generation

Juveniles of the barnacld. improvisusfrom Kiel responded weakly to OA.
Mortality remained below 5 % in all experiments amds not affected by OA. The only
significant negative effect found on growth wasexréased basal diameter by 5 to 9%
under pCO, values of >1930 patm after 12 weeks of treatmehis Effect was only
observed in a cohort collected in late autumn awvestigated over winter. This apparent
seasonality in barnacles’ response to OA is not aed a seasonal pattern has been
previously observed fasemibalanus balanoidd&indlay et al. 2009, 2010a, b, c). It was
postulated that the larval condition can deterntiveesuccess of juvenile barnacles (Jarrett
2003) and if the “autumn cohort” comprised of lawaith lower fitness, this could likely
explain the findings in the present study. It ramahowever, unclear why this pattern was
not observed in the phase of early juvenile groluh only after 10 weeks. All in all, it
remains to be answered whether summer or autumartsobontribute to comparable
amounts to the overall recruitment of barnaclethenstudy region or whether the summer
cohort has a higher contribution. Thus, interpretet from these findings are difficult.

Warming and increasing food availability had mutiorsger effects than OA and
both of these factors increased growth rates ofdues. Although warming by +4 °C only
briefly affected the growth of barnacles, it desesh the condition index (Cl) and
increased the breaking resistance, i.e. led tmareased investment into shell production
compared to body growth (see also Nasrolahi 20IR&)s, future warming could lead to
barnacles being less sensitive to shell-breakimglaiors (Urban 2007). Although food
quality and quantity play an important role fdéx. improvisuslarval development
(Nasrolahi et al. 2007) no one has investigatedctimabined effects of food and OA in
barnacles so far. Increasing food availability sglg increased the growth of juvenile
barnacles as well as the Cl and the breaking eggist Although barnacles invested more
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balanoidesand E. modestugFindlay et al.

food for rearing early post-larvae.

Under a scenario including future warming (IPCC 200ut assuming stagnation of
the actual eutrophication status of seawaterf@@d availability; The BACC author team
2008), barnacle growth will likely not be signifrady impaired by future changes (Fig.
4.2). If I include the expected desalination irtte scenario, survival and growth of post-
larvae will, however, decrease in the future (Nkdna2012).

Barnacles in general have been reported to mowdtye®2-3 days (Costlow and
Bookhout 1957) and moulting increased almost lilyeaith increasing OA in the present
study. This has previously shown in other crustasespecies, e.g. the shrirfalaemon

pacificus under apCO, of 1000 patm (Kurihara et al. 2008). In our studypulting
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frequency did not relate with growth or the CI dod the moment | cannot explain this
response pattern. Moulting in crustaceans is esséoit growth of the body and increased
moulting under OA might not necessarily be a negatesponse. The importance of these
findings need to be, however, considered in futovestigations.

The reproduction of barnacles did not depend onldhel of OA. This is also in
line with studies on copepods (Mayor et al. 200yrikara 2008). In the barnacle
Semibalanus balanoidesowever, OA delayed the embryonic developmemnid@y et al.
2009). It is well known that barnacles can reguth&r reproductive output depending on
the food availability (Hines 1978). This is supparby the present study although | cannot
conclude whether food availability impacted reprctchn indirectly via higher growth
rates of barnacles or directly via energy suppltheogonads.

Most of the investigated parameters

in the present study were not significantl
impaired by OA although the shells of
barnacles were severely dissolving from th
outside under the most severpCO;
treatment. This became evident fro
inspections under the binocular (Fig. 4.3) a
well as from SEM pictures and net-
calcification rate measurements, indicating
that, although shell growth can be maintaine
(see discussion above), the outer eXposelz(ijgure 4.3: Amphibalanus improvisusreated under
areas of the shells suffer from Caf£O OAinapCO,of 2720 patm for 20 weeks.
undersaturation. It could be that adult
barnacles reallocated energy into reproductioreratiian into shell maintenance and that
shell characteristics are not as important to gr@dcles in this later state of life. Reduced
net-calcification in under-saturated waters is an@mn phenomenon among diverse
invertebrate species (e.g. Ries et al. 2009). Siseeere shell dissolution did not impair
the reproductive output and the larval conditiofsAo improvisusand possibly did not
lethally impact other earlier investigated orgarssfe.g. Ries et al. 2009), it remains
unclear to which extent dissolution of outer sihaditerial impairs the organism itself.

Many calcifying organisms (e.g. scleractinian ceyaloralline algae, foraminifera
and also crabs) are believed to raise the pH asitieeof calcification to facilitate the
precipitation of CaC@(Ries et al. 2009 and references therein). OAneiluce the C&"
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concentration of seawater and likely inhibit cat@tion and intensify dissolution of
existing shell (Langdon et al. 2000; Langdon andifson 2005; Kleypas et al. 2006).
Organisms, such as crustaceans, which are capébkgulating the pH at the site of
CaCQ precipitation, might thus be less sensitive to feit@A (Whiteley 2011). Since pH
regulation or the transports of ions are procedssgeved to be costly, this should
however, result in either reduced reproductionesfggmance of the recruits. Nevertheless,
none of these processes was significantly affetiedOA in the present study. Food
availability, in contrast, impacted the reproduetoutput (see also Hines 1978) but had no
impact on the larval conditions (i.e. the perforeamf the F1 larval generation and the
post-larval performance).

Many earlier investigations have demonstrated ¢haty over effects significantly
impair subsequent life-history stages in barna€ldésyagarajan et al. 2002, 2003, 2007).
The settlement of the cypris larva as well as tlegamorphosis and the early post-larval
stage has been suggested to be the bottleneckeirddglielopment ofA. improvisus
(Nasrolahi 2012). Investigating the effects of @dults’ life history under OA on the
overall development of nauplius and cypris larvagvards the point of settlement,
metamorphosis and post-larva did not confirm thegeotheses, at least not under OA
stress. The development of the nauplii and cypiitder OA did not affect the subsequent
juvenile growth ofA. improvisusas has been suggested earlier for other stressohsas
salinity (Thiyagarajan et al. 2002, 2003, 2007). clonclusion, this species has been
demonstrated to even withstand the developmenggsstinder OA well, which have
previously been highlighted as the bottleneck & dimtogeny of this species, (Nasrolahi
2012).

In general, temperature and food affected juvebdenacles much stronger than
OA and in the future juveniles from Kiel will likgInot suffer from OA as is expected
from oceanic scenarios. Barnacles from Tjarn0 skipwmewever, a higher sensitivity to
OA with reduced growth and reduced survival underdenate and severe OA when
combined with food limitation and under severe OlAew food availability was increased.
This study indicates that not only different taxa species of invertebrates respond
differently to OA (e.g. Kroeker et al. 2010) busaldifferent populations of the same

species can react contrarily (discussed in Dupbak €010).
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4.3. Variability of the carbonate chemistry within Kiel Fjord and

potential for adaptation in barnacles

In open ocean time series (e.g. of the Atlanticadgdhe rate of seawatpCO,
correlates nicely with atmosphep€0; increases (Takahashi et al. 2009) leading to rathe
linear shifts in seawater pH over time (e.g. Doaewl. 2009; Feely et al. 2009; Ishii et al.
2011). In Polar regions, pH decreases even fdsd@rdbserved in oceanic time series such
as for example the Hawaii Ocean Time Series (elafs€bn et al. 2009). In contrast to the
open ocean in general coastal habitats are chaeattdoy much stronger variability of the
carbonate chemistry (e.g. Borges and Frankigndifi@9; Borges et al. 2006; Blackford
and Gilbert 2007; Shim et al. 2007; Salisbury e2@D8; Wootton et al. 2008; Miller et al.
2009; Provoost et al. 2010). The Kiel Fjord hasnbeecently described as a habitat in
which the carbonate chemistry varies substantiallgr the year (Thomsen 2012) with
pH/PCO, values diverging strongly from open ocean measangsnand projections (e.g.
Thomsen 2012; present study). But not only shaltoastal bays and enclosed seas show
naturally occurring acidification events or substn variability of the carbonate
chemistry. Even entire continental upwelling regiosuch as the US west coast are
characterized by the upwelling of deep-water masgsts high pCO, loads (Feely et al.
2008; Feely et al. 2010). This water is upwelledrughe continental shelf likely affecting
the local flora and fauna in shallow habitats deeg periods of time.

In the Kiel Fjord, the upwelling of highpCO, water is caused by different
processes. Wind-driven upwelling events transp@gpewater masses to the surface
(Myrberg and Andrejev 2003; Thomsen 2012). Thengjrstratification within the Baltic
Sea (HELCOM 2003) is the main reason of accumuiatiaf highpCO, water due to the
heterotrophic degradation of sedimented plankta@ork (Hansen et al. 1999; Broecker
2003). In the Kiel Fjord and likely in other reg®mwithin the Baltic Sea as well as
enclosed seas worldwide, eutrophication increaseadhakically during the last century
(Diaz and Rosenberg 2008; The BACC author team R888ilting in seasonal oxygen
depletion in deeper waters (Babenerd 1991; Contegl.e2007; HELCOM 2009). ©
depletion and C®production are strongly coupled, especially wHendxchange with the
atmosphere is prevented by stratification, and @imeced community respiration rises
with increasing eutrophication (Cai et al. 2011;|Mer et al. 2012). Following the Boknis
Eck time series, the bottom wa O, increased from about 75@tm in 1957 to today’s
levels of about 250Qatm (Thomsen 2012). Thus, an increased eutropbitcaince the
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mid of the last century (The BACC author team 200&)ly augmented the magnitude of
natural acidification as well as its variability ghallow coastal habitats along the Baltic
coasts.

Eutrophication drives anoxia, which can cause Id@@&a. Organisms inhabiting
coastal regions have therefore likely experiencedingrease in absolutpCO, values
(decrease in absolute pH values) and also an serathe variability of the carbonate
chemistry for over half a century. This happenexlydver, in parallel with an increase in
food availability for filter feeding invertebrat€d§he BACC author team 2008; see also
Thomsen 2012). Calcification can be a major proedfested by “natural acidification” in
for example the Kiel Fjord, in which aragonite sation states are under-saturated during
65% of a year (Thomsen 2012). The correlation betwine acidification level and the
occurrence of calcifying organisms in the vicind natural CQ vents has been used to
demonstrate the high vulnerability of calcifiers fitdure OA (e.g. Hall-Spencer et al.
2008). Compared to these relatively small areaatural acidification” in the range of
several hundreds of meters (Hall-Spencer et al8g0arge areas such as the Kiel Fjord
(Thomsen 2012) or the Eckernforde Bay (Vincent 8aglpers. commun.), as well as even
larger regions within the Baltic Sea (Frommel et2812) which temporarily experience
undersaturation with respect to Cag>€uld favour genotypes, which are more resistant t
OA. While gene flow from adjacent non-impacted arean reduce the effect of strong
natural selection in local populations (Hall-Spenee al. 2008), local adaptations may
arise in larger naturally acidified regions suchhesBaltic Sea.

In conclusion, the Kiel Fjord is characterised bst@ng seasonal variability of the
pCO,, which might be responsible for local populatiafisarnacle being more resistant to
future OA than populations from other habitats sashthe Tjarno Archipelago (see also
Fabricius et al. 2011). Nevertheless, the low a@ikigl in the Baltic Sea will lead to
stronger pH decreases from to the dissolution dfirapogenic CQ into the seawater
compared to fully marine environments. From thisd atine previously discussed
characteristics of small-scale coastal habitatsiréduchanges will more severely shift the
carbonate chemistry of these coastal shallow hab{tdelzner et al. 2012). Although
organisms in coastal habitats are likely adapteditbstand acidification since it already
naturally occurs today, the large expected chadgedo climate change could still lead to
negative impacts on the barnagleimprovisusand on other invertebrates.

Furthermore, small-scale fluctuationsp@O, or pH are highly relevant for benthic

organisms. Short-term fluctuations experienced tyawmisms can be remarkable in for
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exampleFucus spp. macroalgal meadows wiCO,/pH values shifting by about 2000
patm or 1.2 pH units over 24 hours (Vincent Sadgraes. commun.). In the boundary
layer, i.e. less than one millimetre above theam@fof an algal thallus,Gand pH (and
likely pCQO,) can fluctuate by orders of magnitude between dagt night, i.e. algal
photosynthesis and respiration (e.g. De Beer amkiuba 2001; Beer et al. 2008; Spilling
et al. 2010; Mathias Fisher, pers. commun.). THesguations might also impact the
performance of the associated organisms (WoodsPablsky 2007). Various animals
such as bryozoans, tube building polychaetes &aderne and Wahl 2012) or barnacles
(pers. observ.) commonly settle on living surfasash as algal thalli. Since the settlement
and earliest calcification in barnacles or othartbie calcifiers occurs within the surface’s
boundary layer, these organisms might be natuealbpted to cope with severe shifts in
carbonate chemistry. These organisms could thugré@dapted to cope with predicted

future changes in the carbonate chemistry.

4.4. Revisiting the Hypotheses

H1 - OA will affect the barnacle A. improvisuBidividuals the barnacleA.
improvisusfrom Kiel, in the lab experiments as well in theld, showed a remarkable
tolerance to OA. C®Levels predicted for the open ocean by the endhisf century
(~1000 patmpCO,) as well as by 2300 (~2000 pap@O2; Caldeira and Wickett 2005;
Orr et al. 2005), which are also temporarily endeted by barnacles within their natural
habitats already today (Thomsen et al. 2010; Paesal. 2012) were tolerated by the
investigated individuals under common summer teatpeg conditions at all life stages.
Larval stages from Tjarné were not affected by OAilev juvenile barnacles were
negatively impacted by OA. Nevertheless, OA leymlsdicted for the open ocean by the
end of this century (~1000 patp€O,; Caldeira and Wickett 2005; Orr et al. 2005) at
present food availabilities were tolerated welladlyindividuals investigated, including all
populations and life stages. When combined withmuag scenarios, as well as possible
adaptation capabilities of this species, which bezoevident from comparisons of
populations from Kiel and Tjarnd, the barnadke improvisuswill likely not be
dramatically impaired by future OA as predictednifr@ceanic models. Coastal habitats
will, however, experience more severe shifts irboaate chemistry due to anthropogenic
CO; release than oceanic habitats in the future aadaerpCO, values of even 4000
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patm can be expected in the Western Baltic Sea (Melet al. 2012). Possible long term
effects of this coastal specific OA on this spesiesuld, thus not be neglected.

H2 - Early life-history stages of the barnacle mpirovisus are more vulnerable to
OA than adult stagedt is widely assumed that early life-history stageould react more
sensitively to environmental stressors than thdirltastages and causes for mortality at
these stages are thought to be important detertsirdirpopulation dynamics and driving
forces in the evolution of the species (Gosselid @waan 1997). Biotic factors such as
predation, competition, energy depletion and diseasnd abiotic factors such as
desiccation, temperature, salinity, water motiod solar radiation have been suggested to
be responsible for the observed high mortalityarlyelife stages (Gosselin and Qian 1997
and references therein). Nevertheless, in contoaptevious assumptions, early juvenile
mortality might be even higher than the mortalityasval stages (Gosselin and Qian 1997;
see also Nasrolahi 2012). Larval phases have also postulated to be one of the key life-
history stages affected by OA (Kurihara 2008). Thas been verified for example in
brittlestars where the early larval phase sufférech severe mortality under simulated OA
(Dupont et al. 2008). Excluding biotic factors suah predation and energy depletion, |
observed the highest mortality Af improvisuduring the development of nauplius larvae
(80-90%). Mortality of cypris larvae was high wi0-80% while juvenile to adult
barnacles displayed a very low mortality of lesanttb%. Nevertheless, OA affected
survival and other fitness related parameters onlery few cases. Nauplius larvae were
impaired by OA only when this stress occurred togetwith temperatures shifts while
cypris larvae showed even increased survival u@derlt remains to be investigated, how
shell dissolution affects the performance of bamgost-larvae, although at least for the
parameters investigated (growth, Cl, Moulting, osluction), | could not detect any strong
negative impacts of OA for the Kiel population.danclusion, the data on the entire life
cycle of the barnaclé. improvisusonfirm the hypotheses that early life-historygsts, in
general, suffer a higher mortality than adult ssaglecan, however, not confirm the
hypothesis that early life-history stages are maieerable to OA stress than adult stages.
In the Tjarn6 population, early post-larval stagesse more sensitive to OA than larval
stages. The very early post-larval metamorphosisdavelopment to an age of about 48 h
post settlement ofA. improvisushas been discussed to be the bottleneck in the

development of this species (Nasrolahi 2012) buy amdirect data of this phase of
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development in response to OA have been obtaineeinheThis could, however, be
addressed in potential future investigations.

H3 - Predicted warming will enhance OA effects ba barnacle A. improvisus:
Warming and OA can act in synergy (O’Donnell et2009; Poértner 2008; Portner and
Farrell 2008; Parker et al. 2010; Portner 2010) @Adcan narrow the thermal tolerance
window of organisms (Walther et al. 2010). A preéelitincrease in seawater temperature
(IPCC 2007; Meier 2006) will however, in generalcalerate nauplius developmentAof
improvisus(present study; Nasrolahi et al. 2012) and, thas,the potential to buffer OA
effects. Such results were also obtained in sehirudarvae Tripneustes gratilla and
oysters Crassostrea virginicg where higher temperatures mitigated negativecesf of
OA (Brennand et al. 2010; Waldbusser et al. 20Rd¥itive effects of OA on the survival
of cypris larvae ofA. improvisuscould further mitigate the negative impact of wargnon
the survival. Thus, | cannot confirm that tempematat least in the range investigated, will

have additive negative effects on the performari¢beeobarnaclé\. improvisus

H4 - Food availability will affect the capacity & improvisus to cope with future
OA: There are only few data available on the combirféstieof OA and food quantity or
quality on marine organisms (but see e.g. Thom$H®) It can, however, be assumed
that food availability would help the organism taaintain increased metabolic rates
necessary for energy demanding processes suchias iao regulation, which increases
during acidified conditions (Melzner et al. 2009hité¢ley 2011) or increased calcification,
which is necessary to overcome the dissolutionhedl snaterial under lowered CaGO
saturation states to maintain shell stability (MoBld et al. 2009, Melzner et al. 2011).
Food availability, in general, was a major factovithg the performance of juvenile (e.qg.
growth) and adult (e.g. reproduction) barnacle vratlials of A. improvisus There were
however, no statistically significant interactiviéeets of food availability on the sensitivity
of barnacles to OA. Nevertheless, it can be comdulom the experiments on juvenile
barnacles from Tjarnd, that barnacle populationgclviare in general impaired by OA,
might overcome moderate OA when the food availgbif high but would suffer from
even moderate OA under limited food conditions.nfriiteld studies, large differences in
species responses to OA have been observed beeumtrephic and oligotrophic coastal
habitats (e.g. Hall-Spencer et al. 2008; Thomse. &010). While in the highly eutrophic

inner Kiel Fjord calcifying organisms largely dorate benthic communities (Thomsen
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2012), most calcifiers are absent from areas niatuaaidified by volcanic vents around
Ischia, Italy, in oligotrophic waters (Hall-Spencral. 2008). Thus, there is evidence that
food availability, and thus sufficient energy facreased metabolic rates, has the potential

to overcome OA stress.

H5 - Stress effects will be carried over from pasetio their F1 generationt is an
important task to consider carry-over effects wpeedicting the real effect OA could have
on the organism’s performance (Parker et al. 20Lgont et al. 2010; Sanford and Kelly
2011). Only very few OA studies have, yet, measlirdd between life-history stages or
between adults and their offspring when determirangpecies’ response to OA (but see
Kurihara et al. 2008; Egilsdottir et al. 2009; Rarkt al. 2009, 2010). Carry-over effects
from barnacles’ larval stages to post-larvae (juesh have been well documented under
salinity stress (Thiyagarajan et al. 2002, 20030720 From the present study | can,
however, not confirm that OA based stress will laeried over from the larval to the
juvenile phase. This is in line with investigatioms the barnaclé. amphitrite which did
not show any OA based carry-over effects from #@n@d development to subsequent
settlement and juvenile growth as well as on latgy production (McDonald et al. 2009).
Here, | cannot either confirm that stress effects arried over from the adults to their
offspring. In contrast to the present study in whibe different life-history stages were
continuously exposed to OA, the freshly settledtfevae in the study of Nasrolahi
(2012) were immediately transferred from ambieringees to stressful conditions of
either reduced or increased salinities. Stress fo@nsferring the sensitive post-larvae

might herein be an important trigger driving thgthmortality during 48 h post-settlement.

H6 - Barnacle populations from fluctuating pgénvironments are more tolerant
to OA than barnacles from more stable pQ@bitats: If we want to understand the real
potential impacts of future OA on marine organismgecomes important to study the
response of a species over many generations. \WHideis possible for organisms with
very short generations times (e.g. Collins and Bé04; Lohbeck et al. 2012), it remains
difficult for organisms such as barnacles. Comgatime response of populations from
habitats where OA occurs naturally, to less impheteas would thus be intuitive to study.
As shown for the Kiel Fjord (Thomsen et al. 2016y an many shallow seas worldwide
(e.g. Blackford and Gilbert 2007; Shim et al. 20B&ely et al. 2008; Salisbury et al. 2008;
Wootton et al. 2008; Miller et al. 2009; Feely dt 2010), seasonal fluctuations in

167



Discussion

carbonate chemistry can be remarkable and locansms might have adapted to cope
with these fluctuations over many generations (Ealw et al. 2011). Comparing different
population from different habitats is difficult kmese of a lacking replication of the habitat
as well as parameters, which cannot be controlad If cannot entirely confirm the
hypothesis that barnacle populations from fluchgyiCO, environments are more tolerant
to OA than barnacles from more stapeO, habitats since larval stages of the barnacle
improvisuswere not impacted by OA in the Kiel as well as th@&rnd population.
However, | show that juvenile barnacles from thé&rip Archipelago respond more
sensitively to OA than juvenile barnacles from tiel Fjord. Barnacle mortality was
generally low in the present studies (compared tteerospecies: Findlay et al. 2009;
Findlay et al. 2010a, b) but 10-20 times highethea Tjarné population compared to the
Kiel population. Survival and growth of barnaclesni Tjarné were impaired by OA while
Kiel barnacles withstood severe OA well. The twedent populations were not tested
simultaneously under the same conditions and thus weed to be cautious with
interpretations from the data. The data howevepartighe hypothesis that barnacles from
fluctuating habitats are more tolerant to OA tharnbcles from more stable oceanic
environments. Possibly, the Kiel population was-ggkected over many generations
promoting OA tolerant genotypes (Schmidt and Rab@il2 Marshall et al. 2010; Sanford
and Kelly 2011; Lohbeck et al. 2012). Neverthelesdditional factors such as salinity
differ strongly between the habitats, what coultdascan additional stressor (Nasrolahi et
al. 2012, Nasrolahi 2012) and could have also tdteche sensitivity of the different
populations to OA.

4.5. Consequences on the Ecosystem Level

From the present study it becomes evident tharduybwedictions for the barnacle
A. improvisusare rather difficult because of diverging respsnsiedifferent populations to
simulated OA. Barnacles from the Kiel Fjord, howeresponded very weakly to OA; and
from data including the entire life cycle of thigegiesA. improvisuswill likely not to be
strongly affected by future OA in this habitat. franany recent studies, it becomes
evident that responses of marine organisms araespspecific (e.g. Kroeker et al. 2010)
and that there will be losers and winners in adified ocean in the future, likely leading
to community shifts (Fabricius et al. 2011; Haleakt2011). | will here discuss, in more

168



Discussion

detail, possible future changes on the ecosystesi fer results obtained from OA (and
other) studies over the last years from the Kierdrhabitat, with Kiel Fjord populations of
key invertebrate species. The Kiel Fjord is chamazéd by strong seasonal fluctuations of
the carbonate system (Thomsen et al. 2010) anchast$ obtained from these data might
not be extrapolated to the entire Baltic Sea et¢esy®r to other ecosystems worldwide.
Many other shallow enclosed areas such as for eleathp Eckernforde Bay (Vincent
Saderne pers. commun.) are, nevertheless, charadieby similar features as was

observed for the Kiel Fjord and organisms mightwslonilar responses.

competition for food

predation

predation

competition for settlement substrate

Figure 4.4 Simplified illustration of the interactions betweéwo key-filter feeding invertebrates, the mussel
Mytilus edulisand the barnacldmphibalanus improvisusnd their predator speci€arcinus maenaandAsterias
rubens Picture were obtained from: www.fischgrossharalden.de, www.livinginthebalticsea.com,
www.masmar.net, www.ftcdn.net

The Baltic Sea is a relatively species poor ecesyswith few key-species being
responsible for the major biomass production (HEMCED03). In the Kiel Fjord, the two
benthic filter feeders - the muss#lytilus edulis and the barnacleAmphibalanus
improvisus- dominate large areas of the hard-bottom bergbmsystem (Enderlein and

Wahl 2004; Dirr and Wahl 2004). The two dominargdator specie€arcinus maenas

and Asterias rubengredate mainly on mussels (Appelhans et al. aedept Marine
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Ecology-Progress Series) but also on barnaclestiiM@aar, pers. commun.) and if one or
the other of these key-species will be more immhdig future changes, shifts in the
interactions between the species could have majgacts on the entire ecosystem
(Enderlein and Wahl 2004, Reusch and Chapman 13§74.4).

In lab experiments as well in the fieldy. improvisusshowed a remarkable
tolerance to OA, with likely no impacts on the alerecruitment success. This barnacle
species strongly competes for settlement substnate the blue musseM. edulis
(Thomsen 2012). Barnacle individuals settling inyeaummer are mainly overgrown by
mussels over the later summer months and likelyddie to reduced food availability or
oxygen supply in dense aggregates of mussels (Téor8812; Pansch pers. observ.).
Juveniles and adults of the musskledulisfrom the Kiel Fjord have been demonstrated to
also tolerate high levels @iCO; in lab experiments but, in general, reacted mensisive
to OA than barnacles (Thomsen 2012; Appelhans .ea@epted in Marine Ecology-
Progress Series). Larval phases of this specieofhaldsely related mussel species seem
to be, however, more vulnerable to OA (Gazeau.e2G10) with the possibility to affect
the overall recruitment of this species. Nevertbgldield studies show th. eduliscan
cope well with higheCO, seawater when the energy supply is abundant (Téor2812).
The barnacleA. improvisuswas only competitive in less acidified seawatemregions,
which also were characterised by a lower overalergy content. From personal
observations | know that the barnaéleimprovisuscan entirely dominate the habitat and
outcompete mussels also under lower salinity valBassch pers. observ.). This can be for
example observed in the Schwentine River inflow nglsalinities values can be reduced to
below 10 and the Nord-Ostsee-Kanal with almosthineger conditions (Nasrolahi and
Pansch pers. observ.).

If an overall warming, desalination and increas®y is considered with likely no
changes in the food availability in the future (HEQM 2003; IPCC 2007; The BACC
author team 2008) for these key filter feeding smeanussels might be outcompeted by
barnacles in the future. OA will however, not be tmain driver but warming could
promoteA. improvisugNasrolahi et al. 2012; Nasrolahi 2012; presemiygt At the same
time desalination and warming could negatively iotpsl. edulis (Hiebenthal 2009).
While A. improvisushas been demonstrated to withstand significantvaieas warming
with rather positive effects of desalination onvés (Nasrolahi et al. 2012; Nasrolahi
2012; present studyM. edulissuffered reduced growth rates under temperaturgs°’e

and was also negatively impacted by desalinatiorsgiék 2006; Hiebenthal 2009). Thus,
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ecosystem changes seem possible when more tham jsisigle stressor under “global
climate change” is considered. However, precisdiptiens remain difficult from slightly
variable effects of the interactions of these fetahanges upon different life-stages of the
species.

Predictions on future ecosystems changes become ravee difficult when the
interactive effects of “global climate change” ohet predator-prey interactions are
considered. Predation By. rubensand C. maenadargely controls the abundance Mf
edulisin the Baltic Sea (Reusch and Chapman 1997; Lauahied Wahl 1999). Since both
predators prefer relative small sized mussels ag fluanes 1992; Reusch and Chapman
1997; Leonard et al. 1999; Appelhans et al. accepptéMarine Ecology-Progress Series),
faster growth and shell stability will alloM. edulisto earlier escape from predation (Elner
1978; Palmer 1981; Enderlein and Wahl 2004). Reeegirical data, however, show that
direct OA effects on the preWi( edulig tended to be neutralized by concurrent effects on
the predatorsA. rubensand C. maenasAppelhans et al. accepted in Marine Ecology-
Progress Series). Nevertheless, since sea stansasut rubensare likely to be more
impacted by OA than crustaceans suclCamaenagAppelhans et al. accepted in Marine
Ecology-Progress Series) community shifts are ptessBhifts in the preferred prey size
under salinity stress as reported previously (Klos2806) further demonstrating the
complexity of interactions and their possible ches the future.

To this point, no data are available on the intiwas of A. improvisusand its
predatorsA. rubensand C. maenasunder OA stress making it difficult to make funthe
predictions. Predictions on the fate of barnaclestloer organisms are also complicated by
equally complex but mostly unstudied impacts of &#f&l warming on species interacting
with larval stages such as for example the jelilyfidnemiopsis leidypredating on the

barnacle nauplii (e.g. Javidpour et al. 2009).
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5. Conclusions

Barnacles, in general, have been demonstrated ttestaind predicted future OA
well with mainly sub-lethal effects of differenfdistages under very severe OA scenarios.
Nevertheless, there have been remarkable diffesene®veen barnacle populations of the
same species, likely resulting from habitat diffexes and possible adaptation processes of
barnacles or from range limits of certain species thus additional stress such as reduced
temperatures. While Tjarnd individuals Af improvisusresponded more sensitively to
OA, individuals from Kiel were not as strongly img by OA. These population specific
differences might be explained by the high natwaaiability in pCO, and pH over the
year and the possibility of barnacles to adapthiseé fluctuations over more than 50
generations (considering a generation time of aeea)y Assuming that this potential for
adaptation also is valid for other barnacle poporest, A. improvisusfrom Tjarné will
likely adapt to anthropogenic OA in the future. G&nOA is expected to increase more
drastically in shallow coastal habitats in the fafuthe absolute OA-tolerance limits of this
species are still to be evaluated in more detaddiflonally, the synergistic effects of OA
and factors such as desalination need to be coesligéhen future predictions are made.

From the present study as well as from earlier stigations it becomes evident
that OA driven responses of barnacles are largepedding on the species and on the
population investigated. Additionally, seasonaliaton in the response of barnacles to
OA (from differences between single experimentghef same population) may play an
important role, as the present study demonstraggsatcohort oA\. improvisusndividuals
collected in autumn suffered from OA while barnactéorts collected in early summer
were not impaired by OA. This hypothesis needs donvestigated in more detail but
suggests that summer cohorts of barnacles mighhdre resilient to OA than autumn
cohorts.

Barnacles live in highly fluctuating habitats sudbatly or even in the intertidal and
might thus be pre-selected to withstand strongtdiatoons in their natural environment. |
assume that organisms, which experience strongsshifthe environmental parameters,
even on a daily basis, might be more tolerant tar&u OA than organisms from more
stable habitats. Nevertheless, since communityctstres depend on the responses of
various organisms and it has been widely demoestrétat there will be “losers” and
“winners” under OA, which will likely lead to charg in community structures in a future

acidified ocean. Economic, cultural and societgetwlencies on the world’'s oceans make
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this an important topic to be discussed. Disruptimg oceanic system could have severe
consequences for humankind. Seafood recoursesandms are major issues potentially
impacted by these “global climate changes” in aureitocean and we should not
underestimate the long-term effects that stressoch as warming and OA will have on

the marine ecosystem.
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6. Looking Ahead

Almost all projections of the effects of OA on nreeiecosystems assume that
responses measured in present-day populations, iafe@hort-term experiments, will apply
to future populations (but see e.g. Collins andl Bél04; Lohbeck et al. 2012). This
approach overlooks the potential for evolutionarggesses. Short-term, (and even long-
term within-generation) responses to environmestafts mainly reflect physiological
acclimation capacities, i.e. plasticity of indivadwrganisms (Pigliucci 2001). In contrast,
trans-generational responses more realisticalllecefthe ecological and evolutionary
impacts of environmental shifts and only trans-gatienal experiments allow
quantification of the capacity of populations taptto a changing environment (Sunday
et al. 2011).

Species biodiversity (i.e. species richness) hasnbeuggested to provide
“insurance” of ecosystem function against environtake shifts (Loreau 2000).
Analogously, genetic diversity within species (@#pecific diversity) has been suggested
to have similar “insurance” effects (Gamfeldt et 2005), although this latter hypothesis
has been tested only rarely in marine species.noval experimental setting, Gamfeldt et
al. (2005) showed intraspecific diversity to in@eahe performance of barnacles. High
genetic diversity also enhanced seagrass commtestgtance to disturbance by grazing
geese (Hughes and Stachowicz 2004) and increasisthrece to thermal stress in seagrass
meadows (Reusch et al. 2005). For the great mgjoiitharine invertebrates, however, we
know nothing about the capacity for genetic vammtiwithin populations to provide
insurance against climate change.

Given that prior environmental history is likely tofluence the plasticity and
genetic diversity of populations with respect tdufe environmental shifts, it can be
predicted that the plasticity and genetic diversityocal populations to future OA will be
related to natural variation in seawaf@tO, (Johannesson et al. 2011). Coastal and
estuarine ecosystems are dominated by charaataiastéh such as mussels, seaweeds and
barnacles, all of which have been the focus ofnsgeresearch over the last 50 years.
Globally barnacles are ecologically important estey engineers and are a vital
ecosystem component within the species poor Ba#e (Berntsson and Jonsson 2003).

The main goal for future research should be tordete whether the strong
selective pressure represented by near-future oeeatification will overwhelm the
adaptation potential of marine invertebrates. A kagus should be whether adaptation
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potential by means of genetic diversity correlategh habitat related naturghCO,
variability. The barnaclédmphibalanus improvisusould in this case ideally used as a

model organism.
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auch menschlich sehr bereichert. Ich danke ihm &irctlie Hilfe bei der Orientierung fur
die Zeit nach meiner Doktorarbeit.

Ich danke Yasmin Shirin Appelhans fir viele tollagingen und Workshops die
wir gemeinsam besucht haben. Ohne Sie ware det iBtatie Doktorarbeit auch um
einiges schwieriger gewesen. Ich danke Ali Nasidiahdie Moglichkeit einen Menschen
einer mir doch noch immer fremden Kultur so gutrem und schatzen zu lernen. Ich
danke ihm fir die gemeinsamen Ausflige zu Tagunged nach Tjarnd. Unsere
gemeinsamen Stunden auf dem Bolzplatz haben micteimwieder wahnsinnig begeistert
und vielleicht schaffe ich es ja noch die ,Ali*-3@stechnik zu perfektionieren. Ich danke
Jorn Thomsen fur die vielen guten Ratschlage undi&iunermudlichen Diskussionen zur
Wissenschaft im speziellen und auch zur Wissensahagich.

Ich danke Inken Kruse als tolle BuromitbewohneHm®rstin Maczassek fur die
vielen Stunden im Wasser, tauchend oder schnomtheMark Lenz fiur geschéatzte
1000000 Tipps in Fragen der Statistik, Mandy Kieftspnd Sebastian Fessler fir ihre
unermudliche Hilfe bei der Messung der WasserproBamate Schitt und Nadja Starck
fur Hilfe im Labor und bei Fragen zu Allem MdogliaheEsther Rickert fur viele nette
Stunden beim Eismann, Claas Hiebenthal fur dieewiéfickerpartien, Mathias Fischer
und Bjorn Buchholz fir die Netten Taucherfahrungam der Mesokosmenplattform,
Marian Hu und Meike Stump fir ihre Hilfe in allendglichen Fragen zu Schweden,
Giannina Hattich fur die Hilfe in der Klimakammekna-Lucia Lopez und Iris Schaub fir
ihre Zusammenarbeit und allen anderen KollegenHidrenbergstralRe, die ich hier noch
vergessen habe. Ich habe unsere Kocheinlagen ubeitégruppenausfliige geliebt und

werde sie vermissen.



Ich danke weiterhin den Kollegen in Tjarn6, im Baderen Anna-Lisa Wrange fur
viele netten Diskussionen Uber Fragen der Populsgenetik und vor Allem fir das
Korrekturlesen meiner Arbeit auf korrektes Englisdflartin Ogemark fur die viele
Unterstitzung im Labor und Hilfe bei der Etablieguder Seepockenkultur, Gunilla
Johansson fur Mittagspausenspaziergdnge und eblen Einblick in die Schwedische
Kultur, Daniel Johannesson fur meine ersten Sefgélemgen sowie Gregory Charrier,
Elin Renborg und Marten Duvetorp fir wahrhaftigé8Ballerlebnisse im Schlamm.

Ich danke meinen Forschungstauchausbildern Rolaedrich und Florian Huber
und meinen Forschungstauchkollegen fir eine wabhiggiriolle Zeit wahrend der
Ausbildung; ein kleines I-Tupfelchen wahrend meideit als Doktorand.

Ich danke Avan N. Antia und Angelika Hoffmann detelgrated School of Ocean
Sciences (ISOS) fur die vielen tollen und interatsa Kurse zum wissenschaftlichen
Arbeiten und Lehren, fir die Mdglichkeit zur Intetian mit anderen Wissenschaftlern
und fur die finanzielle Unterstitzung zu Tagung@fmrkshops oder nach Tjarnd. Die
ISOS hat meine Zeit als Doktorand sehr bereichert.

Ich danke ,The Future Ocean” (Deutsche Forschurgggigehaft — DFG;
Neglected Bottleneck: D1067/34.1), ,BioAcid* (BMBB10/4.1.2; FKZ 03F0608A) und
der ,EU FP7 research infrastructure initiative ASSH_E (grant agreement no. 227799)"
fur finanzielle Unterstitzung und dem GEOMAR - Haliiz Zentrum fir
Ozeanforschung Kiel, der CAU Kiel und dem Sven Lov&entre for Marine Sciences
Tjarnd. Weiterhin bedanke ich mich beim DAAD fledunterstiitzung zu Tagungen im
Ausland.

Ich danke meinen Freundinnen und Freunden, im BRiEgen Christian Timpe,
Hagen Pieper, Frank Magnus, Corona Rother, Chhs@faumbaum, Konrad Martin
Nickschick, Enrico Zessin, Cornelia Faust, Cindyrivédf, Nina Bl6cher, Kristin Haynert
und Nina Ullrich die mich vor und auch wéhrend neeiDoktorarbeit begleitet haben. Ich
danke meiner Verwandtschaft fur vieles und auchRiszus Family flr viele schéne Tage
in Council Bluffs.

Ich danke meinen Eltern fur ihre unendliche Lielmel diiir ihre Unterstlitzung in
allen Lagen meines Lebens und ich danke meinemdBroighe den mein Leben nicht das
ware was es ist. DANKE, dass du da bist Andi.

Ich danke Annett fur ihr grof3es Herz und die Gebohgit die Sie mir gibt. Ich

danke Dir fir Deine Liebe Annett.
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ERKLARUNG

Christian Pansch, Feldstral3e 102, 24106 Kiel
Erklarung gem. § 9 Promotionsordnung

Ich erklare hiermit,

a) dass die Abhandlung - abgesehen von der Beralungh die Betreuerin oder den
Betreuer - nach Inhalt und Form meine eigene Aiibgit

b) dass die Arbeit nicht schon einer anderen Stell®ahmen eines Prufungsverfahrens
vorgelegen hat, veroffentlicht worden ist oder Yeroffentlichung eingereicht wurde;

c) dass die Arbeit unter Einhaltung der Regeln mutessenschaftlicher Praxis der
Deutschen Forschungsgemeinschatft entstanden ist.

Teile dieser Arbeit sind bereits veroffentlicht, nden zur Verdffentlichung in
Fachzeitschriften eingereicht oder sind in Vorltered eingereicht zu werden:

Pansch C, Nasrolahi A, Appelhans YS, Wahl M (20ib®)acts of ocean warming and acidification on the
larval development of the barnadenphibalanus improvisugdournal of Experimental Marine Biology and
Ecology, 420-421, 48-558P und MW haben die Studie entworfen, CP und ANhalie Daten erhoben,
CP hat die Daten analysiert und das Manuskript egi@ndig geschrieben; alle Koautoren haben weiterhi
beim Uberarbeiten des Manuskripts mitgewirkt.

PanscltC, SchlegeP, Wahl M, HavenhandN (prepared for submission in Marine Ecology-PesgrSeries)
Larval development of the barnadenphibalanus improvisuis an acidified ocearCP, PS, MW und JNH
haben die Studie entworfen, CP und PS haben dierDathoben, CP und PS haben die Daten analysiert
und CP hat das Manuskript eigenstandig geschrieladie; Koautoren haben weiterhin beim Uberarbeiten
des Manuskripts mitgewirkt.

Pansch C, Nasrolahi A, Appelhans YS, Wahl M (urrdgrew in Marine Biology) Ocean warming and ocean
acidification - impacts on juvenildmphibalanus improvisu€P und MW haben die Studie entworfen, CP
und AN haben die Daten erhoben, CP hat die Datealyaiert und das Manuskript eigenstandig
geschrieben; alle Koautoren haben weiterhin beinetdbbeiten des Manuskripts mitgewirkt.

Pansch C, Schaub I, Havenhah Wahl M (prepared for submission in Global Creiiplogy) Do habitat
traits and food availability modulate the impactookan acidification on juvenilémphibalanus improvisus
CP, IS und MW haben die Studie entworfen, CP urithiign die Daten erhoben und analysiert und CP hat
das Manuskript eigensténdig geschrieben; alle Koeart haben weiterhin beim Uberarbeiten des
Manuskripts mitgewirkt.

Christian Pansch Kiel, den 08.06.12















Und was von allem bleibt ist die Seepocke

Nach Martin Brookes






