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Summary

With climate change carbon dioxide and temperaipredicted to increase in the ocean
surfaces. The oceans have the abilitgltoy down global warming by taking up CQ
which hydrates in water producing carbonic acid and lowering the pH. This reaction

is called ocean acidification and the research of its impacts on marine organisms is of
global interest in science. Additional to this problem is the speed of the climate
change, since industrial revolution pH has already decreased by 0.1 to a current value

of about 8.1 in the surface ocean and calculations estimate a decrease in pH in the upper
water layers of between 0.14 and 0.35 units umgilend of this century.

The aim of this study is to investigate the congeges according to ocean acidification on
the early life stage of the Atlantic herrin€l(pea harengus), since these stages are
predicted to be highly vulnerable due to predatiand environmental changes.
Additionally the development of organs and physiaal pathways is not yet completed
which will gradually be functional in the weekseafhatching. Organs important for acid-
base regulation are absent in embryos and larvddhars challenging the larvae to cope
with acidified waters. Specialized cells in therskif fish larvae called chloride cells are
identified to take over the function of ion regalat organs until formation of gills is
completed. In laboratory based experiments thecwsffeof ocean acidification and
temperature on the distribution, size and numberhtdride cells as well as on the early
ontogeny of embryos and larvae were investigatduerdfore two experiments were
conducted firstly using four treatments of elevgt€xD, concentrations (380, 1120, 2400,
4000 ppm) at constant temperature and secondly iakagithe synergistic effects of three
temperatures a cold (6.5°C), a median (8.6°C) amarn (12.3°C) treatment combined
with three pCQ concentrations (380, 1120, 4000 ppm).

CQO, levels were chosen according to today’s value8& Bpm as a control and to the
predicted value until the end of this century. Hoe Baltic Sea even higher values are
calculated due to areas with unmixed water bodied axygen minimum zones.
Temperatures were chosen according to natural spgvinehaviour of herring starting at
4°C as a control and to predicted warming of theaos. Results showed a negative impact
of ocean acidification on the survival of herrirapvae with decreased fertilization"{2

\Y,
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experiment) and increased mortality rates at h&t&hand 2° experiment). Furthermore
decreased length at higher Clevels were detected in embryos. The effects daricke

cells were variable, showing no significant changeell number. There was found one
effect in higher cell sizes on the trunk and onehi@ pericardial region with increasing
CQO, levels. First appearance of chloride cells of ingrembryos was visible at 20-somite

stage on the epidermis of the yolk sac at 3dpf.

Vi
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Zusammenfassung

Mit dem Klimawandel sind erhdhte Kohlenstoffdioxadizentrationen und Temperaturen
im Oberflachenwasser der Ozeane vorhergesagt. Rear@®@ haben die Fahigkeit die
globale Erwarmung durch Aufnahme von £ty verlangsamen. Dabei I6st sich O6»
Wasser, erzeugt Karbonsaure und erniedrigt derwald,als Ozeanversauerung bezeichnet
wird. Die Erforschung der Auswirkungen auf marinebewesen ist von globalem
Interesse in der Wissenschaft. Als ein weiteredblero wird die Geschwindigkeit des
Klimawandels bezeichnet und seit der industrieRavolution ist der pH Wert um 0,1 auf
einen aktuellen Wert von 8,1 im Oberflachenwasser @zeane gesunken und wird
Berechnungen zu Folge eine weitere Erniedrigungpttesn den oberen Wasserschichten
um 0,14 bis 0,35 Einheiten bis zum Ende des jetzigdirhunderts nach sich ziehen.

Das Ziel dieser Studie war die Untersuchung demdksingen der Ozeanversauerung auf
die frihen Lebensstadien des Atlantischen Herigpéa harengus), da diese Stadien als
die gefahrdetsten hinsichtlich Pradation und Umveslinderungen angesehen werden.
Des Weiteren ist die Entwicklung von Organen undffaechselvorgdngen noch nicht
beendet, sondern werden ihre volle Funktion in W&then nach dem Schlupf erhalten.
Wichtige Organe fir die Regulierung des Saure-B#meshalts fehlen in Embryonen und
Larven und somit sind sie gefordert mit versaueridiamsser umzugehen. Spezialisierte
Zellen in der Haut von Fischlarven, sogenannte @i#ellen, sind identifiziert worden,
die Funktion der Kiemen als lonenregulationsorgmsnzin ihrer vollstandigen Bildung zu
Ubernehmen. In Laborexperimenten wurden der Eisflusn Ozeanversauerung und
Temperatur auf die Verteilung, Grél3e und Anzahl @kloridzellen und auf die frihen
Entwicklungsstadien der Embryonen und Larven deknfischen Herings Qlupea
harengus) untersucht. Hierzu wurden zwei Experimente duethigrt, wobei zunéchst bei
konstanter Temperatur vier Behandlungsstufen niiblgen CQ@ Konzentrationen (380,
1120, 2400, 4000 ppm) getestet wurden und als ewseier synergistische Effekt von drei
Temperaturen einer kalten (6.5°C), mittleren (8)6&@d warmen (12.3°C) Behandlung
mit drei CQ Konzentrationen kombiniert wurde (380, 1120, 4006).

Gewahlte CQ@ Konzentrationen spiegeln den heutigen und die ietean Werte bis zum

Ende dieses Jahrhunderts wieder. Fiur die Ostsedewwsogar hohere Werte berechnet,
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was auf Gebiete mit stagnierenden ungemischten é&kasssen und
Sauerstoffminimumzonen zurtick zufihren ist. Tenpeea wurden anhand des Starts des
natlrlichen Laichverhaltens ab 4°C gewéhlt und adhder vorhergesagten Erwarmung
der Ozeane. Die Ergebnisse zeigen einen negativdiuds der Ozeanversauerung auf das
Uberleben von Heringslarven mit verringerten Befituags- (2. Experiment) und erhohten
Mortalitatsraten (1. und 2. Experiment). Des Weitervurden verringerte Langen der
Embryonen bei erhthten GOKonzentrationen ermittelt. Die Auswirkungen aufe di
Chloridzellen waren variabel, zeigten jedoch kesignifikante Veranderung auf Anzahl
der Zellen. Es wurde ein Effekt in Zellen auf demnipf und in der Perikardial-Region
gefunden, wobei bei erhéhten €Ronzentrationen eine Vergrol3erung der Chloridrelle
beobachtet werden konnte. Das erste Auftreten Maolioridzellen in Heringsembryonen
konnte im Stadium mit 20 Somiten im Alter von 3 €agnach Befruchtung auf der

Epidermis des Dottersacks nachgewiesen werden.

Vil
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1 Introduction

Ocean acidification

The earth surface is covered with 2/3 by oceangreds the atmosphere and the surface
ocean are in equilibrium. Result is a permanenariadd exchange of gases like carbon
dioxide (CQ) between the gaseous (g) and aqueous (aq) phas#iéeqg(l)). This fact is
demonstrating the great importance of the oceamngonid climate acting as a buffer for

anthropogenic CoOemissions.
CG; (9) « CG; (aq) 1)

In comparison to pre-industrial values atmosphp@©; has increased by approximately
100 parts per million (ppm) to the recent globdleaof 391 ppm (Conway & Tans 2012)
resulting in a lowered surface pH of 0.1 units (&ral. 2009; Caldeira & Wickett 2003).
The ocean is a sink for half of the €@missions released by fossil fuel and cement
industry (Sabine et al. 2004). Dissolution of J® seawater forms carbonic acid,(¢0;)
which is relatively instable and rapidly dissoaigtiinto a bicarbonate ion (HGQ and a
proton. In a further step a carbonate ion {€0and two protons are formed. The sum of
these forms is combined as total inorganic carlés. (These different carbon species are

in equilibration with each other, which is showrfatiowing equation (2)
CG;, + H,O0 & H,CO; «» HCOs + HY & COs2 + 2HF 2

Changes in the concentrations of carbonate speffiest the carbonate system controlling
pH which can be seen in the Bjerrum pleigure 1). The increased input of GQvill shift

the carbonate system to higher £&hd lower CG¥ levels. Released protons will lower
the pH resulting in acidification of the ocean. Begent of temperature and salinity, an
increase in salinity will shift the carbonate syst® the right basic side, whereas elevated
temperature will lead to an increase in acidificati
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Figure 1. Bjerrum plot describing the carbonate system at salinity of 35 and temperature of 25<C.
pK = value of an equilibrium constant (analogue to pH), pK:;* = 5.86, pK,* = 8.92 (Zeebe & Wolf-
Gladrow 2001)

Predictions for the future estimate an increasp@®; leading to a decrease in pH in the
upper water layers of between 0.14 and 0.35 uniisaarise in global surface temperatures
not less than 1.1 to 2.9°C until the end of thé 2éntury (IPCC 2007). IfFigure 2
estimates of further carbon emissions, p€@ncentrations and the resulting change of pH
in the ocean are represented.

Predictions of global simulation models are notegalty applicable to all regions of the
ocean. Due to seasonal upwelling of friched seawater, temporally lowered pH values
are found already today. On the continental shielf@stern North America pH values of
7.6 could be measured (Feely et al. 2008). In thet Kjord of the Western Baltic Sea
average pColevels of 700 patm could be found, with maximuniuea of 2300 patm in
summer and autumn (Thomsen et al. 2010). Calcukatfor future estimations predict

average values of 2450 patm, reaching a maximu#3@d patm (Thomsen et al. 2010).
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Figure 2. Past and predicted values of emission, pCO, and pH. (Caldeira & Wickett 2003)

Impacts of ocean acidification on marinefish

The effects of ocean acidification have been stlitheseveral marine calcifying taxa that
are dependent on carbonate ions for building sredl skeleton structures. Decreased pH
has led to reduction of calcification rates amoragkers in marine planktonic organisms
like coccolithophorids and juvenile pteropods andarval echinoderms (Riebesell et al.
2000; Lischka et al. 2011; Stumpp et al. 2011). Elsv some molluscs do not suffer from
reduced pC@and are able to cope with acidification (Thomseale2010) and even have
shown increased calcification rates (Gutowska.e2@l0).In general less active calcifying
organisms like echinoderms and corals are moretsengo environmental hypercapnia
than active taxa like cephalopods and fish dueigh Imetabolic rates and an effective
acid-base regulation machinery (Melzner et al. 200Recently the impacts of
environmental hypercapnia on marine fish were binbugfo focus. Although they are not
dependent on calcification, fish have to cope wiikreasing seawater GQpartial
pressures, since the internal partial pressures twaxise as well maintaining the diffusion

gradient between body fluids and surrounding seaw@flelzner et al. 2009; Evans et al.
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2005). This fact goes along with a lowered extilatal pH causing respiratory acidosis.
To avoid acidification of tissues acid-base regofet are required and pH compensatory
mechanisms have evolved. One is the net excrefiams in the gills being the main site
for excretion of excess protons. Another mechanisnthe active accumulation of
bicarbonates in body fluids as a buffer. These raeisims can prevent fish from acidosis
by compensating increased intercellular pH to sagedegree (Heisler 1989; Claiborne et
al. 2002). This was demonstrated in the Mediteanfesh Sparus aurata during a long-
term experiment at pH of 7.3 (Michaelidis et al0ZPand in the sea bad3i¢entrarchus
labrax L) (Cecchini et al. 2001) with higher bicarbondévels in the blood and no
mortality during exposure. The high relevance afdging hypercapnia in long-term
experiments is shown in the benthic eelpdda(ces viviparous) treated with 10000 ppm
CO,, where first a decline in mRNA levels of severakzymes belonging to the ion
transporters in the gill epithelium was found. Afs&x weeks regeneration and even higher
levels in mMRNA levels were measured demonstratirshiti towards acclimation due to
long-term exposure (Deigweiher et al. 2008). Intcast to minor hypercapnic effects in
adult teleost fish impacts on early life stagesndpéish populations of tomorrow, might be
more severe (Brown & Sadler 1989; Ishimatsu e2@04) Especially the developmental
stage of eggs and yolk sac larvae are criticat.esorganogenesis and ontogeny are not yet
completed and buffering capacities against envirmal stress and scarcity of food are
limited. Results of behavioural studies in a trapieef fish show Coeffects in disturbed
detection of olfactory signals impeding homing @pi(Munday, Dixson, et al. 2009) and
predator avoidance (Dixson et al. 2010; Mundayl.e2@10), which will lower recruitment
success. This issue is even more dramatic in speelevant in fisheries where an
additional threat beside exploitation could redpopulation size. Effects of elevated pCO
have been found in larvae of the commercially inguar Atlantic cod (Frommel et al.
2011) and of herring in the Baltic Sea (Franke &r@inesen 2011). Reduced growth and
increased mortality were recently observed in laAt&antic silversides at concentrations
up to 1100 patm C£L(Baumann et al. 2011). However, other findingsvslizat larvae are
not negatively affected in development, growth,va@ and otoliths by hypercapnic
conditions neither in tropical (Munday, Gaglianb,aé 2011; Munday, Hernaman, et al.

2011) nor in temperate marine fish (Frommel eR@lL2). Even an increase in larval length
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and weight at increased G@evels was observed (Munday, Donelson, et al. RODB
summary effects of environmental hypercapnia averde and organisms either suffer or
take advantage of these changes whereas earbtdijes of all taxa have to be classified as

most vulnerable.

Synergistic effects

Earlier studies focused mainly on ocean acidifaratoy rising CQ concentrations within
experiments and treating acidification as a simgiated effect. However, global change is
attended by several other factors like change edp@urrents and elevated temperatures.
As described above G@missions are responsible for ocean acidificatioeh ia addition
contribute to global warming as one of the greesbogases. Since the beginning of the
industrial revolution global average temperaturesedevated by 0.76°C (IPCC 2007). For
the Baltic Sea models estimate an increase in geagemperature from 1.9-3.2°C (H. E.
M. Meier 2006) to 1-4°C (Neumann 2010). Recently tiecessity to combine these two
major effects of global change has come into fosue synergy can lead to an increased
impact. Marine organisms living at the edge of themperature limit are more vulnerable
to elevated C®levels than organisms in the optimum. This wasébin larvae of the
spider cralHyas araneus with a decreased capacity for calcium incorporatiaing at the
cold end of their temperature range (Walther et2@ll1). In juveniles of the pteropod
Limacina helicina both factors had an impact on mortality, whereas| sfegradation and
decreased shell growth were caused by p@ay (Lischka et al. 2011). A contrary result
is shown in the coccolithopho&yracosphaera pulchra, where a reduction in growth rate,
cell size and organic carbon production was caustita stronger effect of pGQFiorini

et al. 2011). Synergistic effects are not limitedsingle species but will have severe
consequences for coral reef communities, sinceocatile reef structures will be reduced
due to lowered accretion of carbonate and decrgasisymbiotic algae (Hoegh-Guldberg
et al. 2007). With elevated temperature aerobigecof five coral reef fishes was
decreased (G. E. Nilsson et al. 2009) — this walttiadally negatively affected by rising
pCQO, levels leading to further impediments in aerolaparity as found in two coral reef

fishes (Munday, Ne Crawley, et al. 2009).
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Osmor egulation and acid-base balance

In contrast to marine invertebrates like squid analves marine fish aras secondary
invaders hypoosmotic to their media with an osnitylaxf a third compared to seawat
To avoid dehydrationbecause of losing water via the < they have to drink th
surrounding water. Next to kidney and ((site for extruding divalent ics (Mg#, SQ,2Y))
the gills display the primanrion regulating organ in marine fish, where most of
incorporated excess ionm@novalent ionsNa', K*, CI")) are excrete via chloride cells
which are working against the osmotic gradient eéaveate. FHsh evohed these highly
specialised cellsafso caller mitochondrion-rich cells (MRC)jo regulate their amount
ions. The current model of NaCl secretion of seawakotst is summarized (Figure 3,
A) (Evans et al. 2005)Against a gradient an energy demanding mechanisisuming
adenosine triphosphat (ATP) actively punthree molecules of sodium out of the cell i
two molecules of potassium into the . This is achieved by the N&K*-ATPase (NKA)
or sodium pump located on the basolateral memt The produced electrochemic
gradient enables theasolateral syport of Na, K* and 2Cl (NKCC). Sodium is pump
out again and potassium diffu back out through &channels (k). according to its
gradient. The result is aaccumulation of ¢ which will leave the cell through apical ~-
channels (CFTRgreating an electrochemical gradient which willc®isodium to leave 1

the apical side paracellularly betwt MRC and accessory cells (AC).

sw h water
* &

4

HoO + CO2 HCO3™ ) %

AC

AT blood
K* 3Na* Na*K*2cr HCOB_Na* aNat

Figure 3. A: Chloride cell of a seawater teleost (Evans et al. 2005). Plasma Na*, K*, and Cl- enter
the cell via basolateral NKCC; Na* is recycled back to the plasma via Na 7K “ATPase and K* via a

K* channel (K;). Cl~ is extruded across the apical membrane via a Cl- channel (CFTR). The
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transepithelial electrical potential across the gill epithelium (plasma positive to seawater) drives Na*
across the leaky tight junctions between the MRC and the AC. B: Model of acid secretion and Na*
absorptive mechanisms in gill MRCs of FW Osorezan dace. In the model of MRC, acid secretion
and Na*absorption are initiated by Na*/K*ATPase, which produces a low intracellular [Na*] and a
negative inside membrane potential. These conditions then favor Na* absorption, in exchange for
acid secretion through an apical NHE3, which increases the intracellular pH. The higher pH
increases intracellular [HCO;7 via CO: hydration by carbonic anhydrase II. Finally, the
increasedintracellular [HCO;] and negative potential drive electrogenic efflux of Na* and HCO;~
across the basolateral membrane through NBC1. Electrogenic transport is indicated with unequal
arrow weights. Solid arrows indicate facilitated transport, and broken arrows indicate diffusion.
(adopted from (Evans et al. 2005))

Besides the ability of osmoregulation MRC cellss¢atalled ionocytes) are described as
being responsible for acid-base balance of fisgilla of adult fish (Claiborne et al. 2002;
Evans et al. 2005; Hwang & T.-H. Lee 2007). Theiwwd pump maintaining the
electrochemical gradient is also indirectly resplolesfor exchange of Hfor Na in the
cell via the N& H* exchanger (NHE) for acid excretion as well aseiochange of Clfor
HCO,;~ (CIF/HCO;~ exchanger) responsible for base excretion (Clabaet al. 2002;
Evans et al. 2005F{gure 3 B).

The mechanisms of ionoregulation in the gills asdl wnderstood for adult fish especially
for freshwater species (Claiborne et al. 2002; Bweinal. 2005; Hwang 2009). However,
little is known for the early life stages of fismee gills are not developed yet. In herring
gill area is first present at length above 20 mitvéS1974), in comparison to 7 mm in size
at hatch, implementing the change from cutanougiltoespiration. Thus ion regulatory
mechanisms have to be dependent on other organswaas found that larvae regulate via
chloride cells located in their whole integumenpessally on the yolk sac (Shelbourne
1957; Lasker & Threadgold 1968; Hwang 1989). Theseabranchial chloride cells are
similar to these in adult fish (van der Heijden at 1999) and are responsible for
osmoregulation in larval fish until formation ofllgi (Hwang et al. 1999; Kaneko et al.
2002). The location of the chloride cells differritig ontogeny (van der Heijden et al.
1999; Hiroi et al. 1998) and also vary in theirtpat between species (Varsamos et al.

2005). Earlier studies on the ontogeny of chloddls in herring larvae describe changes
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in the location from hatch on (W. Wales & Tytler98). Chloride cells have a high
morphologic plasticity and can change medium dependn size and number after
transferring larvae from fresh- to seawater an@ wviersa (Shiraishi et al. 1997; Hiroi et al.
1999). This plasticity could be adopted for comping the effects of decreased pH due
to ocean acidification, since chloride cells inseaheir activity by enlarging in size and
number when increased regulation is needed (Kaatkb 2002). In adult cephalopods an
increased demand of ion regulation was found byeawed NaK*-ATPase and protein
concentrations after short term exposure to elevateG (Hu et al. 2011). Change in
expression of acid-base regulatory and metabohegeas a result of a pG@eatment on
the embryonic and larval phase of the tel€rstzias latipes was found (Tseng et al. n.d.).
However, until now there are no information abowdreased environmental hypercapnia

affecting distribution and morphology of ionocyiadarval teleost.

Visualization of chloridecells

Results of immunohistochemical studies have dematest that MRCs in gills contain the
highest concentrations of NK*-ATPase in their basolateral membrane and can kibus
used as a marker for acid-base regulation (Hwand.&l. Lee 2007). In this study
chloride cells of herring larvae were stained wathmouse monoclonal antibody raised
against thaxr-subunit of avian NdK*-ATPase (mouse anti-chicken Ig& (Takeyasu et
al. 1988)). Since it was shown that this antibodyss-reacts with fish (van der Heijden et
al. 1999; Fridman et al. 2011) it was successfublled for larval herring in this study.
Larvae could be fixated enabling a later staininghwantibodies and analysis. The
existence of chloride cells in newly hatched heyiarvae was first shown by transmission
and scanning electron microscopy (Somasundaram )198be first enables the
visualization of all cell compartments and morphtineanalysis like volumes, but it is
relatively time consuming and only gives data of feells in a selected area missing the
data of the whole larva. The latter method viseslisections of surfaces but is time and
cost consuming. Wales and Tytler were the firsishg changes in distribution of herring
larvae  chloride cells (W. Wales & Tytler 1996) with DASPMI
(Dimethylaminostyrylmethylpyridiniumiodine) whichcts as a fluorescent probe binding
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to mitochondria (Bereiter-Hahn 1976). DASPMI isoxit stain and can only be used in

living cells excluding a fixation of embryos.

Intention of the study

Earlier studies analyzing the effects of pC@ embryonic development and yolk sac
larvae of Atlantic herring showed an impact of eled pCQ on the RNA/DNA ratios
with reduced RNA concentrations at hatch. There waseffect on embryogenesis,
hatching rate, total length, dry weight, yolk saeaaand otolith area (Franke & Clemmesen
2011). However, there could be a lowered protensyithesis as indicated in the response
of RNA concentration. Since early larval stagessamsitive to environmental changes, the
aim of my study was to investigate the effect olOpGsolated as well as the synergy of
CO, and temperature on the development of Atlanticrihgrembryos and larvae.
Additionally to the analysis of effects on lengfértilization, hatching and mortality rates,
the main focus was on the chloride cells. Hergedtto answer the questions: “When and
where do chloride cells first appear on the emhnyder normal, control levels?”, “Is there
a change in distribution, size and number undetroband elevated pCQevels?” and “Is
there a change in distribution, size and numbereutite synergistic effect of pGQ@nd

temperature?”.
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2 Material & Methods

2.1 Origin and rearing of animals

Running ripe fish from the coastal spring spawrgngup of the Atlantic herringQlupea
harengus) caught by a fisherman in the Kiel fjorBigure 4) were chosen to gain eggs for
the experiments. The fish were taken from the fistam right after landing, but already
dead and were transported to the laboratory at GRBOMAR. Previous studies had
shown that eggs and sperm can still be activatesedoours after death of the fish and
don't affect fecundity. The eggs of six females evstripped onto object slides lying side
by side in a plastic box in seawater aerated watban dioxide with partial pressures
according to the treatment. The sperm of six malas stripped into a beaker glass and
aerated seawater with the corresponding carboniddiogoncentration was added for
activation of the sperm. For fertilization the spawas poured over the eggs and the water
was gently stirred to assure for even distributbrthe sperm and to avoid the release of
the benthic eggs sticking to the object slideseABO minutes the eggs on the object slides
were washed and transferred to the incubation taR&silization occurred in filtered
seawater sterilized by ultraviolet light at 8°C amdalinity of 16.2 in the first experiment
and at 10°C and a salinity of 16.2 in the secongearment. Weight and length of the
stripped animal parents was measured, additionadly dry mass (averaged: 149 +
20.2 pg) was determined for the 2nd experimentIérap

Egg plates from the different parents were usedewshly distributed in the incubation
beakers to ensure for the same variability due ifterdnt parental crossings in all

treatments.
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2 Material & Methods

Fish# Weight Total length Standard length  Egg dry mass

(g) (cm) (cm) (ug)
female 1 101,2 26 23 133 +11,7
2 148,1 30 26 151+ 5,7
3 125 28 24 141+ 9,9
4 95,1 25 22 140 + 10,5
5 125 28 24 188+ 1,8
6 1016 26 22 140+ 5,4
male 1 149,5 29 25
2 149 27 24
3 133,3 27 23
4 154,8 29 25
5 134,7 28 24
6 136,1 27 23

Table 1: Weight, length and egg dry mass of parental animals

58 A8
&7 57
LR 56
] a5
Bt &4

Figure 4. Map of northern Europe with the origin of parental animals (cross); from National
Oceanographic Data Center (NODC)
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2 Material & Methods

2.2 Experimental design

Two experiments were conducted testing for thelsieffect of CQ in the first and for a
synergistic effect of CQand temperature in the second experiment. Seawa®rtaken
from Kiel Fjord, was filtered in three steps witQ,20 and 5 pum, sterilized by ultraviolet
light and stored in a tank of 300 |. To ensure hoghigen saturation water was aerated and
mixed. Elevated COpartial pressures were achieved by controlled rapdif CQ to
atmospheric air concentrations producing differenels of pCQ created by a custom-
built central automatic COmixing-facility (Linde Gas & HTK Hamburg, Germany}G,

enriched air was supplied into the aquaria ate@f0.8 | min'.

Singletreatment CO,

The first experiment started on the™@f April 2011 with the fertilization of the hergn
eggs and was terminated 17 days later at hatcholijeet plates with the sticky eggs were
placed into plastic racks (8 x 8 x 2 cm) and pt ib6 | rearing tanks (one rack per tank
containing nine object slides) allowing good vattdn of the whole eggs. The eggs were
incubated in a flow-through system with a flow rate50 ml min'. In the 16 | PVC
aquaria CO2 levels were adjusted by using diffusitagnes for generating four treatment
levels of CQ; a control pCQ@level of 380 ppm and three elevated levels of 12400 and

4000 ppm. Each treatment was replicated four tiregeslting in 16 aquaria

Synergistic treatment CO, & temperature

The second experiment started at tfeo May 2011 with the fertilization of eggs and was
terminated temperature dependent at 13 dpf (waatnR1 dpf (median) and at 29 dpf
(cold, see below for further explanation of tempana treatment). The eggs were
incubated in 800 ml beaker glasses in a temperaftadient table made of aluminium
(Tempo,Figure5). In each glass beaker a circular plastic dis¢ainomg 12 object slides
was placedKigure 6). Such a Tempo incubator was first used by Thoetad. (Thomas
et al. 1963), refined and used for incubation absgggs (Petereit et al. 2008) and for
experiments with juvenile two-spotted gobies (Frazh& Clemmesen 2009).This table
can be cooled on one side and heated on the ottting a temperature gradient of seven
temperatures with six replicates. Temperature wgae (5.97 £ 0.11, 7.07 £ 0.09, 8.19 +
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2 Material & Methods

0.08, 9.31 £ 0.08, 10.67 = 0.05, 11.72 + 0.12, 828.14 (°C)). Two temperatures were
merged to three groups resulting in 12 glass bsakerma cold (6.48+0.56°C), median
(8.55+0.53°C) and warm (12.29+0.58°C) treatmentemghs the glass beakers of the
seventh temperature (10.67°C) were used to steradidified water used for changing 1/3
of water daily. Aeration with different GQevels was realized by wooden (finer bubbles)
aquarium diffusers (Wooden Airstones, min, Aqua Mgtixed into a plastic cover plate,
which could be lowered down into the glass beakBesch diffuser could be aerated
separately, whereas three LC{@vels (380, 1100 and 4000 ppm) in four replicgtes

temperature group were used.

1 ‘IllﬂIll lmhﬂ

f‘ 4 , IL\i

Figure 5. Temperature gradient table (Tempo) with the aeration tubes fixed in the cover plate
shown. The aeration tubes were connected to the different CO2 air mixture lines provided by the

automated system.
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Figure 6. Glass beakers containing eggs on object slides in circular plastic discs

2.3 Experimental conditions

Experiments were conducted in a climate chambeemuadight:dark cycle of 12:12h at
10°C. Temperature and salinity were measured qe#yW pH Multi 350i), Due to the
use of a flow-through system in the first experilméamperature and salinity were
influenced by conditions of Kiel Fjord, whereastli®e second experiment temperature was
determined by the settings of the temperature gradable and remained stable over the

course of the experiment.

Seawater carbonate system

In both experiments pH was measured daily withWHBWV probe using the pH electrode
SenTix 81 after a two-point calibration with defiheolutions at pH 4.00 and 7.00,
according to the National Bureau of Standards. YWedenples for total inorganic carbon
(Cr) were filled into 250 ml glass flasks sealed wéthground-in glass stopper (Schott

14



2 Material & Methods

Duran). Measurements were either done immediatelyamples were fixed with HggCl
and stored at 10°C in the dark. Fixed samples aédiionally used for determination of
total alkalinity @At). Cr was determined coulometrically with a SOMMA (Se@Dperator
Multi-Metabolic Analyzer) auto analyser (Mariand&jel, Germany) by duplicated
measurements. Samples #r were filled into 500 ml plastic bottles and fixéat later
analysis.Ar was determined from duplicated measurements bgtenpometric titration
device (794 Basic Titrino, Metrohm) according te tinethods of Dickson (Dickson et al.
2007) and Gran (Gran 1952). Water samples weegedrwith 0.05 M hydrochloric acid at
20°C using Dickson seawater standard as refereDogkgon et al. 2003). With the
parameter€r andAr the seawater carbonate system could be calculatedhe software
CO2SYS (Lewis & D. Wallace 1998) using the refitt@ickson & F J Millero 1987)
dissociation constants from Mehrbach et al. (Methbet al. 1973). Water samples were
taken at the beginning of the experiments at featilon and in the second experiment

additionally in the middle and at the end.

2.4 Analysis of embryos (eggs) and larvae

After fertilization samples for staining of chloedells were taken in the first experiment
every second day, and in the second experimeny dailhe warm treatment and every
second day in the median and cold treatment sagfiiree embryos per replicate After
taking the samples the object slides were rejetdeavoid an effect of handling on the
remaining eggs. Daily pictures of eggs were takethe climate chamber with a camera
(Coolpix P5100, Nikon) connected with a c-mountjida to a dissecting microscope;
when there was no additional sampling object slidese put back into aquaria.
Fertilization rate was determined by counting egystage of cleavage one day post
fertilization (dpf) and unfertilized eggs. Sincesthatching period occurs over several days
main hatch was determined after 50% hatch succesmdure an equal developmental
stage of larvae. Hatching and mortality rates waegermined by counting empty egg
integuments, living embryos not hatched and deag e mean hatch. Standard length

was measured using embryos prepared for stainioglofide cells.
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Staining of chloridecells

In order to stain cutaneous chloride cells embrigage to be separated from the egg
integument Figure 7) under a dissecting microscope placed in the ¢énthamber at
10°C. The herring’s sticky eggs facilitated the ceture of slitting the chorion with
grinded preparation needles to retrieve the embdrythe process attention had to be paid
not to injure the yolk sac. With a glass pipettebeyos were transferred into 1,5 ml
Eppendorf tubes and fixed with 4% paraformaldeh{iRleA) in phosphate buffered saline
(PBS) at 4°C over night. PFA was prepared as &solution and aliquots were used as
needed. To preserve embryos for later analysiswlesg washed three times in PBS, fixed
after a three-step dilution (30, 50 and 75%; 10 ednh to avoid damage of embryo) in 1
ml 75% undenaturated ethanol (EtOH) and stored@t Bor further preparation samples
were slowly re-diluted by replacing 75% EtOH witBB% (3x200 pl). After a fourth
replacement (500 pl) samples were washed with RBSpletely (3x10 min). To reduce
the amount of chemicals embryos were transferre@.5oml Eppendorf tubes. To avoid
non-specific bindings 200 ul PBS including 10% Im@vserum albumin (BSA) was added
for 45 minutes while rotating gently on an orbitdlaker. As a next step 200 ul of the
primary antibodya5 (Developmental Studies Hybridoma Bank, Universily lowa)
specifically binding to NdKa*-ATPase was added (1:100) and rotated gently ato®%C
night (10-16h). This monoclonal antibody is raisgghainst theo5-subunit of chicken
Na‘'/Ka*-ATPase and acts as a marker for chloride cells. fémnoval of unbound
antibodies a further washing step with PBS (3x10)mias included. The secondary FITC-
labeled antibody (Alexa-Fluor 488(ab")2 fragment of goat anti-mouse IgG, IgM (H+L)
*2 mg/mL*, Invitrogen) which binds to the primaryt@body was added (200 pl, 1:200)
and samples were rotated lightproof for 2-3h alrdemperature. As a last step samples
were washed again (3x10 min, PBS) and could bedtfor a week at 4°C or analyzed

immediately.
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Figure 7. Embryo (6 dpf, 9C) dissected from the chorion (u pper right)

Image inter pretation

For analysis of chloride cells an epifluorescengermscope (Axio Zeiss Scope Al) with
an applicable filter set (450-495 nm excitationDB60 nm emission, FITC) was used.
Connected to a microscope camera (ProgRes® CFptilenpictures could be taken at a
computer by an associated program (ProgRes® Captusoftware, Jenoptik) enabling to
take multifocus pictures of the embryo in all fopnes and resulting in a calculating of a
mix which gave a sharp image. The resulting pictuas used with an image processing
program (Image-Pro® Plus) to generate data of dipgtearance, location, size and number
of chloride cells on the embryo.
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Size and number of the chloride cells were detesthiinom defined areas on the yolk
(0.06 mm?), head (0.02m®), pericardial region (0.02 mm?) and trufikO2 mm? (Figure
8, ¢), allowing comparisons between different stages of ontogergsielopment ar

between treatmentddditionally pictures were used for measurementstafdard lengt

Figure 8. Embryo at age 5 dpf (9C). a: embryo without chorion (dissecting microscope), b: embryo
after staining of chloride cells (fluorescent microscope), c: Definition of areas on yolk sac, head,

pericardial region and trunk. Picture processed with Image-Pro® Plus.
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2.5 Statistical analysis

Statistical analyses were performed with the saftwR (version 2.13.2, Copyright 2011,
The R Foundation for Statistical Computing). To wees normal distribution and
homogeneity of variances data were tested with i&h&ilk-Test and Fligner-Killeen
Test, respectively (P > 0.05). If data did not mélee¢ assumptions a Box-Cox
transformation was done. In order to test for ttieck of pCQ or developmental stage on
area and number of chloride cells an ANOVA (P >5D.@as performed. To test for the
synergistic effect of pCOand temperature a multifactorial ANOVA was used>(P.05)
defining an effect as caused by C@mperature or the interaction. Significant difeces
were identified by post hoc test using TukeyHSDahlihis checking the null hypothesis by
pairwise comparisons ensuring the multiple levdissignificance (P > 0.05). Data are
represented as means * standard deviation (SD).
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3 Results

3 Results

3.1 Abiotic conditions and seawater carbonate syste m

1% experiment

Results of daily measurements of temperature,isalmd pH of the first experiment are
represented in Table 2. Over the whole experimgrgabd constant data between the four
different treatments were found. Due to the expenital setup of a flow-through system
using seawater from warming Kiel Fjord a slightrease in temperature from 8 - 9.5°C
(Figure 34, see appendix) was caused evenly for all aquarth teeatments, whereas
salinity ranged from 15.4 to 16.Fifure 35, see appendix).

Treatment pCO,  Temperature Salinity PHyes
(ppm) (°C)

380 9,0+0,56 16,1+0,23 7,94+0,04
1120 9,0+0,61 16,1+0,24 7,61%0,03
2400 9,0+£0,77 16,1+0,24 7,32+0,03
4000 9,0+£0,73 16,1+0,24 7,11+0,03

Table 2: Measured values (means * standard deviation (SD)) for temperature, salinity and pH in

four different CO;, treatments.

The calculated values of the carbonate system Herseawater samples taken during
fertilization are shown in Table 3. Parameters wemaputed with the program CO2SYS
using measured values @& and C; at temperatures of 8.08 + 0.12 and salinity of
16.2 + 0.00. Dissolved pGQuatm) levels in water differed slightly from injected @&
(ppm) in air. In contrast to constant measuremeh®r, Cy increased with rising pCO

levels.
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TreatmentpCO; A Cq pH; pCO: CO2 HCOs~ COos*
(ppm) (umol kg~ SW)  (umol kg™ SW) (natm)  (umol kg~ SW) (umol kg™ SW)  (umol kg~ SW)
380 2038,4 1984,1 7,97 510,91 26,55 1895,86 61,67
1120 2034,7 2048,0 7,66 1060,26 55,09 1961,11 31,80
2400 2045,8 2130,3 7,39 2045,23 107,01 2006,22 17,09
4000 2035,4 2179,8 7,21 3081,16 159,54 2008,74 11,53

Table 3: Calculated values of seawater carbonate system at the beginning of the experiment from

measurements of A and Cr.

2" experiment

In Table 4 measured data for all treatment comhlmnatof the experiment in the Tempo
are given. Duration between temperature treatmdifitsred based on the temperature
dependent developmental stage of larvae so thatirtation of the warm was on day
15 dpf, of the median on day 21 dpf and of the ¢addtment on day 29 dpf. Temperature,
salinity and pH were recorded daily, whereas wsaenples for determination 8 andCy
were taken at the beginning, in the middle andhatend of the experimental time (0, 12,
22, 29 dpf). In the combined experiment temperatuaie controlled resulting in constant
values over the whole time. Means are resultingnfmombined glass beakers of two
temperature columns. During the whole time salimigs fluctuating and ranged from 14.8
to 18.9 with higher values in the median and highatues in the warm compared to the
cold treatmentKigure 36, Figure 37, Figure 38, see appendix). pH values were stable
over the whole period with low deviations. In tharm treatment values for total alkalinity

and total inorganic carbon were higher than indther temperature regimes.
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Treatment Treatment Temperature Salinity PHygs Aq Cr
temperature  pCO; (ppm) (°C) (umol kg™ SW) (umol kg~ SW)
cold 380 6,6 +0,61 16,1 +0,69 7,94 £0,11 2066 + 77 2010+ 59
1120 6,6 £0,60 16,2 £0,68 7,61+0,07 2084 + 64 2085+ 43
4000 6,6 £0,58 16,3 +0,72 7,14 £0,07 2128+ 94 2289+ 83
median 380 8,8+0,55 16,7 £0,68 7,91 +0,07 2097 +£105 2040+ 79
1120 8,8+0,59 16,7 £0,73 7,59 0,03 2122+ 91 2114+ 75
4000 8,8+0,55 16,7 £0,73 7,14 +£0,03 2135+130 2260+ 93
warm 380 12,3+0,57 17,4 £0,64 7,94 +£0,08 2165 +225 2102 173
1120 12,3+0,59 17,3 £0,65 7,64 £0,03 2173 +£179 2172 +158
4000 12,3+0,61 17,5 +0,64 7,19 0,05 2207 +218 2315 +169

Table 4: Measured parameters of the 2" experiment in the Tempo for control and hypercapnic
conditions (380, 1120, 4000 ppm) in all temperature treatments (cold, median, warm). Values are

represented as means * SD.

The calculated seawater carbonate system is showalile 5. Mean COpartial pressures
in the cold treatment were between 577 and 3020 path pH ranging from 7.93 to 7.26,
respectively 494 — 2816 patm with 7.92 — 7.30 a2t 6 2814 patm with 7.92 — 7.29 for
the median and warm treatment. Data of the warmatrtrent are calculated from
measurements of total alkalinity and total inorgacarbon from two sampling days (0, 12
dpf). Data of the median and cold temperatures additionally calculated from
measurements @rand pH (22 dpf) anér and pH (29 dpf).

Treatment Treatment pH; pCO, CO, HCO3~ CO52- Qc: Qpr

temperature pCO, (ppm) (natm) (umol kg™ SW) (umol kg~ SW) (umol kg~ SW)

cold 380 7,93+0,16 577+207 30,2+10,4 1907+ 52 59,8+20,7 1,57+0,92 0,92+0,31
1120 7,74 £0,14 1021 £255 53,6+13,0 1988+ 40 351+ 9,8 0,92+0,25 0,54+0,20
4000 7,26 +0,09 3020 £351 158,5+16,4 2107+ 75 129% 21 0,34+0,05 0,20+0,03

median 380 7,92+0,15 494+165 24,6+ 7,9 1924+ 70 74,5%19,5 1,96 +£0,51 1,15+0,30
1120 7,72+0,12 967150 488+ 7,2 2018+ 61 39,5+ 85 1,04%0,22 0,61+0,13
4000 7,30+0,15 2816 £469 141,9+22,6 2091+ 98 14,8+% 4,4 0,39+0,11 0,23 +0,07

warm 380 7,92+0,14 621+155 29,3+ 9,1 2001147 71,5%34,6 1,88+0,91 1,11+0,55
1120 7,68 +0,06 1109+ 59 51,9+ 59 2079+151 41,0%12,2 1,08 £0,32 0,64 £0,19
4000 7,29+0,14 2814 +630 132,4+37,3 2164+198 185+ 9,1 0,49+0,24 0,29+0,14

Table 5: Calculated carbonate system of the combined treatments. Values are represented as

means * SD.
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3.2 1% experiment: single treatment CO ,

3.21 Effects on embryos (eggs) and larvae

Fertilization

Fertilization of eggs was high in all treatmentghwiates from 94.4 % to 97.3 % and no
effect (ANOVA, P > 0.05) of the three hypercapnanditions compared to the control
were found. A slight not significant trend was alable in lower fertilization rate with

increasing pC@

100 ~

90 -

70 -

50 -

40 -

Fertilization rate (%)

20 A

380 1120 2400 4000
CO; (ppm)

Figure 9. Fertilization rates in the four CO, levels determined on day 1 day post fertilization (dpf)
showing no significant effects (P = 0.1715, F = 1.9758).
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Hatching

Main hatch (50% empty egg shells) was at day 16atidf44 day degrees (d°). Hatching
rates varied from 26.2 to 47.6 % with high varinioHatching success was relatively low
due to set regulations of determining the main thagee 2.4) and not significantly
influenced by treatments (ANOVA, P > 0.05).
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Figure 10. Hatching rates in the four CO, levels with no significant effects (P = 0.3262,
F=1.2781).

Mortality

Mortality rate determined at hatching day (16 dgjied from 3.9 to 7.6%. A significant
effect (P = 0.025, F = 4.4875) was detected betveermighest (4000 ppm) to the control
(380 ppm) (P = 0.039) and to a median (2400 ppny QFD33) treatment.
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Figure 11. Mortality rate in the four CO, levels.

Length

Standard length was determined during embryonieldgment every second day from 3
dpf until one day after main hatch at 17 dpf. Measents were taken from embryos
prepared for staining of chloride cells. Standagdgth was continuously rising in all
treatments until 9 dpf. Between treatments sizab@embryos differ at 11 and 13 dpf and
are equal at 15 and 17 dpf again. Length were ffiettad by elevated C{concentrations
over four treatment levels (ANOVA, P > 0.05) atc3,7, 9, 15 and 17 dpf (P = 0.417, F =
1.023; P = 0.426, F = 1.009; P = 0.569, F = 0.®2;0.379, F = 1.123; P = 0.927, F =
0.151; P = 0.155, F = 2.172, respectively) but ificemt differences were detected at 11
dpf and 13 dpf (F = 5.953, P < 0.01 and F = 13.69%,0.001). Tukey HSD post-hoc test
showed standard length to be significantly lowerlatdpf at 2400 ppm compared to
control (P = 0.006) and at 13 dpf at 2400 ppm caegdo 1120 ppm (P = 0.020) and at
4000 ppm compared to control (P = 0.006) and 11220 (P = 0.0002).
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Figure 12. Standard length of embryos and larvae.

3.2.2 Distribution pattern of chloride cells

The distribution pattern of chloride cells was dgstvely analyzed for embryos from 3
dpf until hatch incubated at 9°C. Ontogenetic stageere determined using the
photomicrographic atlas of Atlantic herring embrigpdevelopment (Hill 1997). The first
appearance of differentiated chloride cells wasatetl in the 20-somite stagEidure
13, a) at 3 dpf on the yolk sac. No cells were visith the body of the embryBifure 13,
b).

In the 35-somite stageFigure 14, a) at 5 dpf chloride cells were distributed om th
integument of the whole larvae with the yolk sa;mfehe main site with chloride cells
larger than in the other regions. On the head apyng of distinct cells is visible and
another grouping as a band on the edge betweensgalland trunk is formed, named as
pericardial. There are cells present on the trimk,in lower densities compared to the

other regionsKigure 14, b).
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In the 62somite stage at 7 dpf cells on head have incraasgde and are strictly depart
from other cells. On the trunk cells are evenlyriisited with smallest sizeFigure 15).

In the 75 % mment stage at 9pf cell with highest density are located in theiqandial
region EFigure 16).

In the 100 % mgment stage at 11 dpf visible yolk sac depletiegibs resulting in lowe
numbers of chloride cells, which are now conceattah the¢ prebranchia(W. Wales &
Tytler 1996)and pericardial region. Cells on trunk have forncedtinuous bands froi
dorsal to ventralKigure 17), whereas dorsal and ventral ctdoride cells are prese

This development proceeds and yolk is decreasitig thve eyepigmente: stage at 13 dpf
(Figure 18) and the prdratch stage at 15 dgFigure 19). Chloride cells are concenting
on organ formation sites, especially in the ped@drand prebranchial regic

Figure 13 Embryo at 3 dpf, incubated at 9C. a: embryo without egg integument, b: embryo with

fluorescently stained chloride cells.
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Figure 14 Embryo at 5 dpf, incubated at 9C. a: embryo without egg integument, b: embryo with

fluorescently stained chloride cells.

Figure 15 Embryo at 7 dpf, incubated at 9 with fluorescently stained chloride cells.
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Figure 16 Embryo at 9 dpf, incubated at 9 with fluorescently stained chloride cells.

Figure 17 Embryo at 11 dpf, incubated at 9C with fluorescently stained chloride cells.
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Figure 18 Embryo at 13 dpf, incubated at 9°C with fluorescently stained chloride cells.

Figure 19 Embryo at 15 dpf, incubated at 9C with fluorescently stained chloride cells.
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Three ontogenetic stages at 5, 9 and 13 dpf wersechto determine the area of chloride
cells on the yolk sac, head region, pericardialoe@nd trunk in the four treatment levels.
With ontogenetic stage there was no change inicldaell size of the yolk (P = 0.503, F =
0.7) with sizes of 718 £ 123 umz2. However, thergensignificant increases in cell size
with ontogenetic stage in head, pericardial andkr(P = 4.164E-06, F = 16.636; P =
2.565E-07, F = 21.854; P = 9.673E-11, F = 40.78&pectively) not affected by increased
pCQO,. The post hoc test showed an increase from 5dpt3or head, pericardial region
and trunk (P = 0.002; P < 0.0001; P < 0.0001),getyely) an increase from 9 — 13 dpf
for head and pericardial region (P < 0.0001) arsigaificant increase from 5 — 9 dpf for
the trunk (P < 0.0001F{gure 21, Figure 22, Figure 23).

In (Figure 20) numbers of chloride cells on yolk are presenfdtere was no significant
difference between the four GQevels (P = 0.112, F = 2.145), but with ontogeny a
significant decrease in number was visible (P 9BE309, F = 32.640) with highly
significant decreases between 5 - 9 dpf and 5 dpf3P < 0.0001). From 9 — 13 dpf a
slight decrease although not significant was olesk(¥? = 0.077).
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Figure 20. Number of chloride cells (CC) on yolk during ontogeny.

At 5 dpf the area of chloride cells on yolk, head gericardial region were not found to
be affected from increased ¢@vels (ANOVA, P > 0.05.), but there was an effectcell
area on the trunk (P = 0.002, F = 9.53). After gust testing area of chloride cells was
larger at 4000 ppm compared to control (P = 0.0804) 1120 ppm(P = 0.028) and at
2400 ppm compared to control (P = 0.011).

At 9 dpf no significant effects on cell area ofr@gjions were found.

At 13 dpf the area of chloride cells on yolk, heaml trunk were not found to be affected
from increased COlevels (ANOVA, P > 0.05.), but there was a sigrafit effect on cell
area on the trunk. After post hoc testing arealdbrade cells showed to be higher at

1120 ppm compared to control (P = 0.043).
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Figure 21. Area of chloride cells (CC) at 5 dpf on (a) yolk sac, (b) head region, (c) pericardial

region and (d) trunk.
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Figure 22. Area of chloride cells (CC) at 9 dpf on (a) yolk sac, (b) head region, (c) pericardial

region and (d) trunk.
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Figure 23. Area of chloride cells (CC) at 13 dpf on (a) yolk sac, (b) head region, (c) pericardial

region and (d) trunk.
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3.3 2" experiment: synergistic treatment CO  , & temperature

The development of the early life stages of hernsghighly temperature dependent.
Metabolic rates increase with temperature resuiting faster ontogenetic development in
eggs and yolk sac larvae. Comparing the synergeffiects of CQ and temperature
between all temperature treatments was possiblanayyzing identical developmental
stages instead of age (which was done in thedkperiment). The ontogeny of fish eggs
developing at different temperatures is compardiyleusing day degrees (d°) (Apstein
1909), which is the product of time in days and gemature in °C. This relationship is
applicable to herring as well and used by Klinkhaadd Biester who established a
nomogram, which enables for example the deternunatf hatching time when
developmental stage and temperature are known Kidirdt & Biester 1984) There is a
hyperbolic and non linear relation between tempeeadind developmental time, therefore
day degrees could only be used as an assistarmamp@ation. On the basis of daily taken
pictures matching sampling days could be identifedompare embryos and larvae in the
same ontogenetic stage and to use data for tesyimgrgistic effects of temperature and
pCG,. According to a photomicrographic atlas (Hill 19%¥iree stages were chosen: “10 %
eye pigmentation”Kigure 24), “90 % eye pigmentation"Higure 25) and “hatch”. In the
stage “10 % eye pigmentation” not all temperat@eels were used, since ontogenetic
stages were not comparable; either embryos wethefudeveloped with enhanced eye
pigmentation (2 a) or lesser developed recognizipleye pigmentation lower than 10 %
(2 b). In the stage “90 % eye pigmentation” andt¢ha all three temperature treatments

could be used for testing of synergistic effects.
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1 b) 2b) _ 3 b)

Figure 24. Embryos staged as “10 % eye pigmentation” (Hill 1997) from control (380 ppm).

Temperature group not used is marked (ban sign). 1 a): warm treatment (12.86C) at 4 dpf, 51 d¢
1 b): warm treatment (11.72C) at 5 dpf, 59 d 2 a): median treatment (9.31C) at 7 dpf, 65 dS
2 b): median treatment (8.19C) at 7 dpf, 57 d% 3 a): cold treatment (7.07C) at 9 dpf, 64 d% 3 b):
cold treatment (5.97C) at 11 dpf, 66 d°
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Figure 25. Embryos staged as “90 % eye pigmentation” (Hill 1997) from control (380 ppm). 1 a):
warm treatment (12.86C) at 6 dpf, 77 d% 1 b): warm treatment (11.72C) at 7 dpf, 82 d5 2 a):
median treatment (9.31C) at 9 dpf, 84 d3 2 b): median treatment (8.19C) at 11 dpf, 90 d° 3 a):
cold treatment (7.07<C) at 13 dpf, 92 d° 3 b) cold treatment (5.97<C) at 15 dpf, 90 d°

3.3.1 Effects on embryos (eggs) and larvae
During the experimentalgpiod there could be detected growth of brownigfa@alon the
incubated eggs imll temperature treatments. The amount of algagigg on the eg
integument increased with higher , levels.
A table containingP and Fvalues of all treatment combinations can be seethé&

appendix (Table 6).
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Fertilization

Fertilization of eggs was divergent between treatsiavith rates from 62.5 % to 87.2 %.
No temperature or combination effect (ANOVA, P $%).P = 0.835, F = 0.182 and
P =0.921, F = 0.227) was found, but a significdatrease in fertilization rate with
increasing pC®was discovered (P = 2.173E-06, F = 21.966). TUR&Y post-hoc test
showed fertilization to be significantly lower @@D ppm and 1120 ppm(P < 0.0001 and P
< 0.01, respectively) than at control (380 ppm)dibans.
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Figure 26. Fertilization rates in the three temperature levels at different pCO, determined at 1 dpf

showing significantly lower fertilization rates affected by pCO, (P = 2.173E-06, F = 21.966).
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Hatching

Main hatch was due to delayed development with edetng temperatures at different
days. In the warm treatment hatch was at day 10 ddf with 129 d°, in the median
treatment at day 15 — 18 dpf with 140 — 147 d° ianthe cold treatment at 20 — 26 dpf
with 148 — 155 d°. Hatching rates varied from 560588.8 %. Hatching date was
significantly influenced by temperature as expectedt not by pC® (P = 0.9643).
Hatching success was significantly influenced byreased pCO(P = 0.021, F = 4.442).
No effect of temperature (P = 0.156, F = 1.994) weatected. The combination of both
showed a trend, but was not significant (P = 0.674,2.413).
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Figure 27. Hatching rates in the three temperature levels at different pCO..
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Mortality

The mortality rate determined at hatching day vhrieom 4.8 to 25.6 % and was
significantly influenced by increased pe@® = 1.087E-06, F = 23.834). The post-hoc test
showed significances between control and 4000 ppmilitemperatures treatments with
mortality increasing with C¢ but no significances between control and 1120 pymre
detected. A trend of an effect of temperature cdddseen, but was not significant (P =
0.056, F = 3.212). No effect in the interactiorboth was detected (P = 0.216, F = 1.55).
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Figure 28. Mortality rates in the three temperature levels at different pCO, determined at hatch.
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Length

Standard length was determined at the three choseogenetic stages (10 % eye
pigmentation, 90 % eye pigmentation and hatch). ddeaments were taken of embryos
prepared for staining of chloride cells. Standaedgth was continuously rising with
development. In the 10 % stage length was neitffectad by temperature (P = 0.11,
F =2.848), hypercapnia (P = 0.152, F = 2.113) lmpithe combination of both effects
(P =0.358, F = 1.091). In the 90 % stage no sicanit effect was found. But a slight trend
of temperature and GCQiowards decreased lengths (P = 0.089, F = 2.644; (P058,

F = 3.173) was visible. This trend of ¢€@&ffecting the size of the embryo was neutralized
at hatch (P = 0.166, F = 1.921), where a significdecrease in length was caused by
temperature (P = 0.004, F = 6.708). Furthermorecambined effect was detected
(P =0.814, F = 0.391).

10% eye pigmentation

Standard length (mm)
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Figure 29. Standard length of embryos with 10 % eye pigmentation in all treatments. Treatment
code: ¢ = cold, w = warm, 380 = pCO; of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO; of
4000 ppm.
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90% eye pigmentation
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Figure 30. Standard length of embryos with 90 % eye pigmentation in all treatments. Treatment
code: ¢ = cold, m = median, w = warm, 380 = pCO; of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 =

pCO; of 4000 ppm.
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Figure 31. Standard length of embryos at hatch in all treatments. Treatment code: ¢ = cold,
m = median, w = warm, 380 = pCO, of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO, of
4000 ppm.
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3.3.2 Distribution pattern of chloride cells

The determination of chloride cell area on yolkadepericardial region and trunk was

performed for the ontogenetic stages 10 % and @yé&gpigmentation.

At stage 10 % eye pigmentation the area of chlaralks on yolk, head and trunk were not
found to be affected by increased L£l@vels (ANOVA, P > 0.05.), but there was a
significant effect in cell area on the pericardiadjion. Significant effects of temperature
were recognized in the head region, pericardialore@and on trunk. In all areas no

combined effect was detectde dure 32).

At stage 90 % eye pigmentation none of the areas feeind to be affected from increased
CO, levels as a single effect (ANOVA, P > 0.05.), btre was a significant synergistic
effect in cell area on the head region (P = 0.0A2 3.513). Significant effects of
temperature were recognized in the yolk, head regiad on trunk. On area of chloride
cells in the pericardial region any effects atvadire detected. In all areas no combined
effect was detectedr{gure 33).
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Figure 32. Area of chloride cells (CC) with 10 % eye pigmentation on yolk sac, head region,

pericardial region and trunk in all treatments. Treatment code: ¢ = cold, w = warm, 380 = pCO, of

380 ppm, 1120 = pCO; of 1120 ppm, 4000 = pCO; of 4000 ppm.
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Figure 33. Area of chloride cells (CC) with 90 % eye pigmentation on yolk sac, head region,
pericardial region and trunk in all treatments. Treatment code: ¢ = cold, m = median, w = warm,

380 = pCO; of 380 ppm, 1120 = pCO; of 1120 ppm, 4000 = pCO; of 4000 ppm.
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4 Discussion

4.1 Abiotic conditions and seawater carbonate syste m

Temperature

The surface temperature in the year of this stad30il1 and in 2010 was relatively cold in
the Kiel Fjord compared to previous years of 20@P08 and 2009 with average
temperatures in April of 6.2 £ 1.2°C (2011), 6.2.¥%°C (2010), 8.1 + 1.5°C (2009), 8.5 *
1.4°C (2008), 8.8 + 2.3°C (2007) (Clemmesen, uniphbt data). The colder conditions
could affect adult herring in their migration toasgming grounds and spawning behaviour,
since spawning is temperature induced (Blaxter &tdul1982). The offspring of the adult
herring, which were artificially produced in thebland used for this study, could have
been influenced by these colder conditions.

In the Kiel Fjord surface temperatures increasathduhe first experiment in April from
5.9°C to 9.5°C (meteorological data, GEOMAR), comega to the temperature
development in the climate chamber from 8.1 + 0.87@0.3 + 0.5 ° being slightly higher
but comparable to natural settings. This due tof#ue that the used seawater in the
experiments is stored in a tank in the institutéotee it is conducted to the climate
chambers.

Salinity

Mean salinity differed in the second experimentasn the temperature treatments - cold,
median and warm - with highest salinities in therwareatment. This can be explained by
the different lengths of experimental duration @adnination of the warm treatment on
15" May (13 dpf), of median treatment on®Blay (21 dpf) and of cold treatment on®31
May (29 dpf) because daily water exchange in dgheskers was dependent on fluctuating
salinities in Kiel Fjord. Storms are mixing the watolumn breaking up stratified water
bodies, which will bring deeper more saline watethe surface and into the Kiel Fjord.
One week after starting the experiment wind speeele increasing from 3 to 15 ms
(meteorological data, GEOMAR) which led to risirajisities from 15.8 on the"2of May

to 16.8 on the 10of May (Clemmesen, unpublished data) in Kiel FjoFtis event was

followed by calmer meteorological conditions regtin salinities of 15.0 on the 23f
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May. Additionally higher salinities could be explad by increased evaporation with

elevated temperature.

Carbonate system

In the recent study elevated pCl@vels were achieved by gassing seawater with embi
air enriched with the appropriate p&Q@oncentration. Differences arose in pCO
concentrations between air and seawater sincedxgigrimental setups were open systems
with connection between air and water. Due to Henlgw the partial pressure of a gas in
air is in equilibrium with the dissolved gas in &uid resulting in assimilating
concentrations. This could be an explanation feveloCQ in the seawater of the high

level treatment compared to the induced partiadgrees.

4.2 Effects on embryos (eggs) and larvae

Fertilization

In the first experiment fertilization was not affed by hypercapnia. In contrast
fertilization was found to be affected in the seta@xperiment resulting in significant
lower fertilization rates with increasing p&On the natural spawning grounds fertilization
rates are always relatively high being above 9h%eirring of the Baltic Sea (Aneer et al.
1983; Klinkhardt 1985). Explanations for these higfhtilization rates could be high
concentrations of spermatozoa on the spawning gsoweven before egg deposition
(Klinkhardt 1996), the attraction to the eggs bgmiotaxis (Hourston & Rosenthal 1976)
and the release of substances increasing motilispermatozoa by the eggs (Stoss 1983).
Sperm are immotile in testis until the release s#awater where they are activated by the
change in pH and osmotic conditions (Klinkhardt @R%Although the knowledge about
the effect of ocean acidification on fertilizati@uccess in marine fish species is very
limited, there are studies on the effects of desgdgH on the motility of sperms. Results
of studies on rainbow trout and flatfish show amilition of sperm motility with
decreased pH (Bencic et al. 2000; Zuccarelli & Rollngermann 2007; Inaba et al. 2003),
whereas in the Baltic cod no change in sperm spaddoercent motility at decreased pH
were found (Frommel et al. 2010). So far no studieshe effects of lowered pH on sperm

motility in herring are available, but earlier €&periments showed no significant effects
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on fertilization rates in herring from Kiel FjordFanke & Clemmesen 2011) and
corresponded to fertilization rates of the firspesiment in this study. The differing results
of the second experiment could be explained by tdemperatures at the beginning of the
year 2011 affecting the condition of adults comgai® a warmer year in 2007, where
experiments were conducted by Franke and Clemmé&sethermore the eggs and sperms
incubated in the second experiments came fromrdifteparental animals than in the first
experiment. These adult fish were taken at the @nthe spawning season, when the
youngest animals of the population spawning for fire time come to the spawning
grounds after the oldest and largest fish haveadirespawned (Klinkhardt 1996). This is
indicated by the smaller size of the parental atsmged in this study (27.2 £ 1.5 cm
(females) and 27.8 = 0.9 cm (males)) comparedsto dised in the experiments by Franke
and Clemmesen (28 cm).

In contrast to high fertilization rates in all €@evels in the first experiment (94.4 —
97.3 %) rates were much lower in the second exmarineven in the control treatment
ranging from 85.1 — 87.2 %. This could be explaibgdower fecundity of young females
spawning for the first time, since fecundity inges with age and accordingly with length
to a certain age where it decreases again (Klirkhd996). Furthermore fecundity is
inversely related with egg weight (Blaxter & Huni82), meaning females have less but
heavier eggs, providing their offspring with high@lk reserves in times with lower food
supply and low predation pressure. On the othed laalarger numbers of small eggs with
lower egg weight are produced later in the spawisiegson at warmer conditions when
food supply and predation is high. Egg dry weightshe second experiment were 149 +
20.2 ug and smaller than the averaged values o208 g described for herring in Kiel
Fjord (Hempel & Blaxter 1967). The lower egg dryigleg of adult females used in this
study confirms that the end of the spring spawrsegson is reached. Due to these
unfavourable conditions for embryos in the secoxygeement increased GQ@ould have
caused lower fertilization rates and acted as aditiadal threat, which could be
compensated by the embryos in the first experiment.
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Hatching

Hatching is an important event in the ontogeny aectly influenced by abiotic
conditions of the water. To facilitate hatchingpeaal enzyme (chorionase) is produced
dissolving the layers of the chorion (Hagenmaier2)9At pH levels between 7.2 and 9.6
the function of the enzyme is optimized (Blaxte62f enabling the hatch of larvae. Since
calculated pH values are above 7.2 enzyme actshtyldn’t be influenced by applied
CQO, treatments. In the first experiment hatching s not affected by hypercapnia, but
was relatively low, because of terminating the expent after 50 % of the larvae hatched.
This date was determined as main hatch and was tesedjust for the variability in
developmental stages due to the long hatching ¢héaisting for several days (Klinkhardt
1996). In the second experiment hatching rates wetraffected by pCOin the cold and
warm treatment. Although a significant effect oé thighest pC® level in the median
temperature treatment was found this should beenleas a sampling bias, because one
replicate was terminated one day earlier compavetthé¢ others after reaching the 50 %
threshold. In summary hatching rate was not aftette pCQ, but by temperature. That
was expected due to the influences of temperatutbeincubation time from fertilization
to hatch (Blaxter 1992).

Mortality

Although no significant effect of pGQon fertilization nor on hatching rates in the ffirs
experiment was found, a significant increase intality rates in the high pCQreatment,
suggesting hypercapnia as an energy demandingatregluencing metabolic rates and
regulation machinery in early life stages, was ole@® Similar to the first experiment
mortality rates were increased in the second ey to even higher rates up to 25.6 %
in the highest C®level compared to relatively low rates up to 7.6ifothe first
experiment. Since these differences could not leeg@ained by the synergistic effect of
temperature and GOhigher mortality rates of the second experimeghinbe caused by
the lower parental fithess. Another explanationl@¢de the observed growth of brownish
algae on the incubated eggs. With higher, @&9els the numbers of algae increased, which
could be explained by a manuring effect caused ighen carbon being an important

nutrient for algae. This increased algal growthlddoe an explanation for higher mortality
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rates in the high pCQtreatments, and has already been described imahapawning
grounds of herring in the Baltic Sea, where unuguagh egg mortalities were correlated
with high amounts of filamentous brown algae, faeouby high nutrient input creating
eutrophic conditions (Aneer 1985; Aneer 1989). Dinewth of the algae could lead to
insufficient oxygen supply by creating a barrier ttee surrounding seawater and by
decreasing flow velocities around the eggs. Thiseased growth on the egg integument
with higher CQ levels was not visible in the first experiment,iethcould be explained by

the different experimental setup using a flow-tlglogystem.

Length

In the first experiment the size of the embryos wastinuously rising evenly among all
treatments until 9 dpf length At 11 dpf embryosnirdhe 2400 ppm treatment were
significantly shorter compared to the control grotbis splitting up was even more drastic
at 13 dpf where smaller standard lengths were tbzteat the two highest hypercapnia
levels. This retardation in size was not seen &hhél6 dpf) anymore, since the larvae
seemed to have caught up and compensated forzéeal$ierence. This delayed growth
could be explained by high energy demanding pra@sesike osmoregulation or
maintenance of acid-base balance and metabolishypercapnic conditions and gives
another hint of early developmental stages beirgy rttost vulnerable to hypercapnia
(Melzner et al. 2009). In an unpublished studynailar effect of elevated pCQwvas found
with retardation of growth i®ryzas latipes embryos which was eliminated again at hatch
(Tseng et al. in prep.). Another explanation fag tatch up of embryos until hatch could
be the significant higher mortality rates at hatath increasing pC@ This would imply
for survival of the fittest embryos, whereas indivals with less capacity for coping with
environmental stress could have died before hatch.

In the second experiment there could also have tetardation in length, since there was a
trend at 90 % eye pigmentation stage in shortegthewith increasing CO At hatch this
trend was not detected anymore. Additionally terapge had a significant effect on size
at hatch showing decreased lengths at higher texyres. Since only three developmental
stages were analysed in second experiment onlyelmnformation on growth retardation

or compensation is available. After the, @mperature coefficient chemical reactions rise
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double to four times by an increase of temperatdirg0 Kelvin (2 10°C), which is also

applicable for metabolic rate. That temperatured$f larvae length at hatch, with larvae
being shorter at higher temperatures was showrramiqus studies. Since temperature
affects the time length of growth and differenbatiphases the explanation could be given
by early differentiation of somatic growth when rthaevas less tissue to be divide up and
resulting in shorter length at higher (Blaxter 198ankhurst & Munday 2011).

4.3 Distribution pattern of chloride cells

The first appearance of differentiated chloriddscelas detected in the 20-somite stage at
3 dpf exclusively on the yolk sac. This early fotroa demonstrates the importance of ion
regulatory cells in embryos, which are even diffeiging before the heart is developed
and before the organogenesis period begins (HiB719In a study analyzing the
distribution pattern of ionocytes in euryhaline raka embryos the same pattern was
found, where the first NKA immunoreactivity was falin cells on the yolk epidermis and
with further development ionocytes were detecteddditional areas in the axial yolk
epidermis (called lateral zone) containing celligher density than on the yolk (Thermes
et al. 2010). This shift of chloride cell distrilbt with first appearance of chloride cells on
the yolk sac was found also in embryos of the seawaadapted Killifish KRundulus
heteroclitus) (Katoh et al. 2000). These findings are simitatite development of chloride
cell distribution in herring embryos in the nexafzed ontogenetic step (35-somite stage)
in this study with chloride cells being ditributeder the whole embryonic epidermis with

highest densities in the pericardial regian lateral zone named by Thermes et al. 2010).

In herring largest cells were observed on the 8@k being an indicator that the yolk
epidermis is the main ion regulatory site in edalyal stages (Shelbourne 1957; Lasker &
Threadgold 1968; Hwang 1989). During ontogeny caiés distributing more and more to
regions of head, pericardial and trunk along witkigmnificant increase in cell size and a
decrease in cell number on the yolk and confirnliezalindings from herring larvae (W.

Wales & Tytler 1996). These changes were not founte affected by increasing €O

levels in this study. Starting at the 100 % eyar@gtation stage chloride cells on trunk

were organized in regularly bands from head to ctodod resembling the pattern of
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myosepta confirming earlier observations (B. Wdl@897). In later stages of the medaka
embryos ionocytes were detected in the epithelidindeveloping branchial arches, the
precursors of later gills. That is in contrast &rring embryos which hatch at an earlier
developmental stage with the formation of gill Bplta taking place later in the ontogeny
in herring (Silva 1974) at a size of 20 mm, whiduld therefore not be observed in this
study.

Fish gills are highly developed and efficient i@gulatory organs and the question arose
whether oxygen uptake was really the driving fdimethe development of gills, which is
the common explanation (oxygen hypothesis). Restardies suggest that gills evolved
predominantly for ionoregulation rather than fos gexchange (P. Rombough 2007). This
new hypothesis is supported by studies on larvdirafish (Qanio rerio) where
ionoregulation shifted from cutaneous to gill regidn before oxygen uptake was
functional (P. Rombough 2002) and by results ofrgiebow trout Oncorhynchus mykiss)
where N& uptake shifted first to the gill epithelium follea by oxygen uptake (Fu et al.
2010). Since gills are not developed in the eanipmryonic and larval phase these stages
are supposed to be most vulnerable to ocean aatdn which could affect whole fish
populations since the larval phase representsdtteeieck in the ontogeny of fish. It was
shown that adult fish are able to compete with &hi®tic stress (Fivelstad et al. 1998), but
larvae could suffer from hypercapnia (Frommel et2@l11). That larval stages are more
sensitive to hypercapnia affecting ionoregulatioaswshown in embryos of cuttlefish
(Sepia officinales) where a down regulation of ion-regulatory genes wbserved (Hu et
al. 2011). One of the first studies investigatingregulatory responses in fish embryos to
ocean acidification showed that important ion ratpdy genes in embryos of the medaka

(Oryzias latipes) were found to be down-regulated by elevated seavweCQ (Tseng et al.
in prep.).

So far there is no knowledge about the responseslofide cell area or number in fish
embryos to increasing pG(but due to high plasticity of chloride cells wheansferred to
seawater (Hiroi et al. 1999) it is assumed thatelvated seawater pGQauses an
increase in chloride cell area and number in entryidis dependency was shown in

juveniles of the red sea breamafrus major) where chloride cells of the primary gill
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filament showed an increase in size and densitly elgvated pColevels (Kikkawa et al.
2002). In the first experiment in this study areeffat 5 dpf and at 13 dpf was found with
larger cells on the trunk at higher pgcf@vels according to expectations suggesting an
increase in ion regulation due to lower pH. Howetkere was no effect found at 9 dpf
and no effect on cell size of all the other aredsch are described as the main site for ion
regulation. In the second experiment only one fitant CQ effect in the 10 % eye
pigmentation stage in the pericardial region betw880 and 1120 ppm in the cold
treatment, was found which couldn’t be seen indtex 90 % eye pigmentation stage. The
chloride cell distribution and size in all otheras of the embryo was not affected by
lowered pH. Since CQeffects were not found in the primary regionsasf regulation and
were compensated at the later developmental stages) be concluded that chloride cell
in herring embryos are not severely affected byated CQ levels. One explanatory
reason could be that herring from Kiel Fjord areybaline fish adapted to brackish water.
Especially eggs and larvae are exposed to highutitions in salinity, since spawning
grounds are in shallow coastal regions. To copé whese high deviations efficiently
working ionocytes are required to maintain ion hata Furthermore Kiel Fjord is a special
habitat where due to seasonal upwelling of, @&nporally increased pGQevels up to

2300 patm (Thomsen et al. 2010) can be found.

Contrary to the COtreatment, temperature treatment had a signifieffett on chloride
cells in all body regions at 10 % eye pigmentatesulting in smaller size of chloride cells
with rising temperature. At 90 % eye pigmentativo effects on decreased cell size with
higher temperatures in the head were found. Inrashain effect in the yolk at 380 ppm
with higher cell sizes in the median compared td temperatures was detected. No effect
was found in pericardial and trunk region. Thedeat$ are difficult to explain, since there
iIs no clear trend towards smaller or larger cefld aould be an effect of small sample
sizes (n = 3).

Interactions of elevated pG@nd temperature were only found once in the dizhloride
cells. Thus it can be summarized that the effeceitier pCQ or temperature had a

stronger influence than the synergistic effect.c8ipCQ effects were more severe for
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4 Discussion

embryos (fertilization, mortality rate) it could Wbgpothesized that herring larvae in the
Baltic Sea are able to cope with temperature psedicted for the end of the century.

Outlook

Since the recent work was observing effects of maeadification only at a very limited
ontogenetic phase, it cannot be assessed whethéntlngs of decreased fertilization and
survival rates will severely affect the populatiof herring in the Baltic Sea. For this
approach longer lasting experiments should be aeduimplementing the whole food
chain treated with increased €@ observe to which extent an adaptation to changi
conditions is possible. A recent study reveals #tdity of the tropical damselfish
(Acanthochromis polyacanthus) to cope with climate change after transgeneration
acclimation (Donelson et al. 2011). That respomsagobal change are diverse depending
on the ontogentic stage was shown in studies with dea urchir&trongylocentrotus
droebachiensis where both reactions of coping or suffering to ated CQ levels were
revealed. In adults decreased female fecundity &itee months of hypercapnia was found
which normalized again after exposure of sixteemttm& In contrast survival of juveniles
decreased when they were exposed already at Istages to low pH of 7.7 (Dorey et al.
2011). Furthermore results identify juvenile stagesg highly sensitive to hypercapnia

and acting as the bottleneck of populations.
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51 d% 1 b): warm treatment (11.72<C) at 5 dpf, 59 d$ 2 a): median treatment (9.31C) at 7
dpf, 65 d% 2 b): median treatment (8.19<C) at 7 dpf, 57 d5 3 a): cold treatment (7.07C) at 9

Figure 25 . Embryos staged as “90 % eye pigmentation” (Hill 1997) from control (380 ppm). 1 a):
warm treatment (12.86<C) at 6 dpf, 77 d5 1 b): warm treatment (11.72<C) at 7 dpf, 82 d% 2 a):
median treatment (9.31C) at 9 dpf, 84 d5 2 b): median treatment (8.19C) at 11 dpf, 90d% 3
a): cold treatment (7.07<C) at 13 dpf, 92 d$ 3 b) cold treatment (5.97<C) at 15 dpf, 90 d°.... 38

Figure 26 . Fertilization rates in the three temperature levels at different pCO, determined at 1 dpf
showing significantly lower fertilization rates affected by pCO, (P = 2.173E-06, F = 21.966). 39

Figure 27 . Hatching rates in the three temperature levels at different pCO,. ...coeveiiiiiiiiiiiiiiiiiiiins 40
Figure 28 . Mortality rates in the three temperature levels at different pCO, determined at hatch.. 41
Figure 29 . Standard length of embryos with 10 % eye pigmentation in all treatments. Treatment
code: ¢ = cold, w = warm, 380 = pCO, of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO,
(o) 101010 I o] o 1 AP TP PUPTPRT 42
Figure 30 . Standard length of embryos with 90 % eye pigmentation in all treatments. Treatment
code: ¢ = cold, m = median, w = warm, 380 = pCO, of 380 ppm, 1120 = pCO, of 1120 ppm,
4000 = PCO; OF 4000 PPIM. c.iiiiiieiiteiee ettt ettt ettt et b e e e sttt e e abbeeeesnbaeeeeanbeeeessnbeeeeesarbeeeesnes 43

Figure 31 . Standard length of embryos at hatch in all treatments. Treatment code: ¢ = cold,
m = median, w = warm, 380 = pCO, of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO, of

Figure 32 . Area of chloride cells (CC) with 10 % eye pigmentation on yolk sac, head region,
pericardial region and trunk in all treatments. Treatment code: ¢ = cold, w = warm, 380 =
pCO, of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO, of 4000 PPM. ...cevveerriiiurriienaaannn. 45

Figure 33 . Area of chloride cells (CC) with 90 % eye pigmentation on yolk sac, head region,
pericardial region and trunk in all treatments. Treatment code: ¢ = cold, m = median, w =
warm, 380 = pCO, of 380 ppm, 1120 = pCO, of 1120 ppm, 4000 = pCO, of 4000 ppm........ 46
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The salinity development during the second experiment in the warm treatment........... 69
The salinity development during the second experiment in the median treatment........ 70
The salinity development during the second experiment in the cold treatment............. 70
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Appendix
Chemicals:
PBS 08 g NaCl
0.2 g KCl
1.42 g NaHPO,
0.27 g KHPO,
dilute in 800 ml ddHO; adjust pH to 7.4; fill up with ddjO to 1 I;
autoclave

4% PFA Paraformaldehyde + PBS in concentratioG@t:1

10% BSA Bovine serum albumin + PBS in concentrati6:100

Temperature and salinity developing during the 1st experiment

18

11.0 175380 ppm
01120 ppm
10.5 4| A2400 ppm
@ 4000 ppm
O 100 -
o
g
5 9.5 -
g 9.0 .
.0 - & g
qE) 8.5 &
g s § 5
8.0
7.5 T T T T T T T T T 1
0 2 4 6 8 10 12 14 16
days post fertilization

Figure 34. The temperature development during the first experiment
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Figure 35. The salinity development during the first experiment

Salinity developing during the 2nd experiment
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Figure 36. The salinity development during the second experiment in the warm treatment
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Figure 37. The salinity development during the second experiment in the median treatment
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Figure 38. The salinity development during the second experiment in the cold treatment
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