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Abstract  
 
 
In externally fertilising fishes, various factors in the surrounding environment may 
influence the viability of the sperm and eggs, thus determining the success of 
reproduction. In this thesis, the influence of salinity and ovarian fluid on sperm motility 
has been investigated in three Gasterosteiform fishes.  
 
The three-spined stickleback, Gasterosteus aculeatus, has successfully invaded fresh 
water and differs from most other fishes in its ability to spawn in waters of all salinities. 
Our results show that sperm of the three-spined is strongly stimulated by the ovarian fluid 
surrounding the eggs. In fresh water, where the period of motility is only about a minute, 
ovarian fluid prolongs motility to last several hours. We show that this effect is due to 
fluid’s ionic content and that the fluid remains in the nest, surrounding the eggs, for a 
prolonged time due to the proteins and/or other macromolecules in the fluid. Our results 
explain how successful spawning can occur in fresh water despite that it takes several 
minutes for all three-spined stickleback eggs to be fertilised. The stimulating effect of 
ovarian fluid may be one of the factors that have enabled the originally marine three-
spined stickleback to colonise fresh water.  
 
The fifteen-spined stickleback, Spinachia spinachia, is exclusively marine. We found 
their sperm motility to be good in seawater, reduced in brackish water, and non-existent 
in freshwater. The presence of ovarian fluid made no difference in any salinity, a factor 
that might have contributed to their inability to colonise fresh water. Being regarded as a 
primitive member of the stickleback family, the lack of response to ovarian fluid suggests 
that this is not a primitive trait among the sticklebacks. 
 
The male straight-nose pipefish, Nerophis ophidion carries the eggs attached to its ventral 
surface. Fertilisation has previously been suggested to be external, but our results show 
that their sperm are not motile in seawater alone, but in a mixture of seawater and ovarian 
fluid. This result, together with the finding of some sperm in the female genital area, and 
that the sperm head is elongated, suggests that the fertilisation in the straight-nose 
pipefish occurs in close proximity with the eggs and ovarian fluid. This could then 
explain why the straight-nose pipefish has minute testes and complete confidence of 
paternity. 
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Svensk sammanfattning  
 
 
 

FÅ FISKAR FÖRMÅR FÖRÖKA SIG FRAMGÅNGSRIKT I BÅDE 
SÖTT OCH SALT 
De flesta fiskar har yttre befruktning, det vill säga fiskarnas ägg befruktas i det vatten 
som omger fisken. Då fiskarna leker sprutas ägg och spermier ut i vattnet och en 
förutsättning för att befruktningen ska lyckas är att fiskarnas spermier då har en god 
rörlighet. En mängd olika faktorer i vattenmiljön på verkar spermiernas rörlighet och i 
denna avhandling har en del av dessa faktorer undersökts. Undersökningarna har 
genomförts på tre fiskarter tillhörande ordningen spiggartade fiskar, Gasterosteiformes; 
storspigg, tångspigg och mindre havsnål.  
 

Storspiggen 
Storspiggen är en vanlig fisk i svenska vatten som lätt känns igen på sina tre ryggtaggar. 
Ursprungligen är arten marin, men idag lever och förökar sig storspiggen i både sött och 
salt vatten. Att framgångsrikt kunna föröka sig i vatten av olika salthalter är en ovanlig 
förmåga bland fisk, hos de flesta fiskarter tål inte spermierna så skilda vattenmiljöer. 
Fiskspermier omges endast av tunt yttre membran och är därför känsliga för förändringar 
i omgivningens kemiska miljö, dvs. i jonsammansättning och osmotiskt tryck. Förenklat 
kan man säga att spermier hos saltvattenslevande fisk är anpassade till salt vatten men 
inte till sött och tvärsom för sötvattenslevande fisk.  
 
Avhandlingens första frågeställning var därför hur storspiggen kan leka i både sött och 
salt vatten, har de spermier som tål vatten av alla salthalter? Eller beror spermiernas 
salttolerans hos storspiggen på den vattenmiljö som de levde i? För att ta reda på detta 
undersöktes spermierörlighet hos storspiggar från sött, salt och bräckt vatten. Med hjälp 
av mikroskop, videokamera och videobandspelare, spelades spermiernas rörlighet i olika 
salthalter in på videoband. Videobanden analyserades sedan med hjälp av CASA 
(computer assisted sperm analysis), som är en mjukvaruteknik särskilt anpassad för 
spermier. Med CASA mättes bland annat hur fort och rakt spermierna simmade, men 
också hur stor procent av spermierna som var rörliga i olika vattenmiljöer. Experimentellt 
arbete med och inspelning av spermier i olika vattenmiljöer skedde vid Zoologiska 
institutionen, Stockholms universitet, medan CASA arbetet utfördes framförallt vid 
Institute of Zoology, Zoological Society of London.  
 
Resultaten visade att storspiggar från alla av de tre vattenmiljöerna hade sin bästa 
spermierörlighet i brackvatten. Spermierna var där aktiva i flera timmar vilket är en 
ovanligt lång tid för fiskspermier vilka hos de flesta arter bara är rörliga i några få 
minuter. I saltvatten hade de saltvattenslevande storspiggar spermier som simmade i ca 
en timme, medan spermier från söt- och brackvattenslevande storspiggar var helt 
orörliga. I sötvatten var förhållandet det motsatta, här hade spermier från 
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saltvattenslevande storspiggar ingen rörlighet medan spermierna från söt- och 
brackvattenslevande storspiggar var aktiva i ca en minut. Slutsatsen av denna 
undersökning blev därför att storspiggen inte har en generell spermie som fungerar i 
vatten av alla salthalter, utan att spermiernas salttolerans beror på den miljö som fisken 
lever i. 
 
Våra resultat visade alltså att storspiggen hade endast en minuts rörlighet i sötvatten. 
Detta resultat stämmer dåligt överens med resultaten från en befruktningstudie på 
storspigg. Enligt denna studie tar det minst 15 minuter för alla ägg att bli befruktade vid 
ett lektillfälle. Då storspiggar leker, äger befruktningen emellertid rum inuti ett bo av 
alger, inte ute i öppet vatten. Äggen som läggs i boet omges av en seg, trögflytande 
vätska från honans ovarier. Ovarievätskan löser inte omedelbart upp sig i vattnet, utan 
stannar kvar kring äggen. Den miljö som storspiggens spermier möter vid leken är därför 
vara en blandning av vatten och ovarievätska. Om och hur ovarievätska påverkade 
storspiggens spermier var därför avhandlingens andra frågeställning. 
 
Ovarievätskans påverkan på storspiggens spermier testades med samma metod som vid 
undersökningarna av hur salt påverkade spermierna. I de första experimenten, då en 
fjärdedel ovarievätska blandats med vatten av respektive fisks naturliga salthalt, 
förlängdes rörligheten hos spermiernas från sötvattenslevande storspiggar från 1 minut 
till 7 timmar. Hos brackvattenslevande storspigg var förlängningen från några timmar 
upp till 10-24 timmar. Hos saltvattenslevande storspiggar hade ovarievätskan däremot 
ingen effekt på spermierörligheten. I de följande experimenten, där effekten av olika 
koncentrationer av ovarievätska testades, visade sig höga koncentrationer av ovarievätska 
ha en starkare stimulerande effekt än låga koncentrationer. Undersökningarna visade 
dock också att till och med en koncentration av ovarievätska så låg som 0,75 % räckte för 
att förlänga spermiernas rörliga period.  
 
För att ta reda på hur hög koncentration av ovarievätska som finns naturligt i storspiggs 
bon, togs sedan prover från bon efter det att storspiggar hade lekt. Joninnehållet i 
proverna analyserades och jämfördes med joninnehållet i ovarievätskan så att 
koncentrationen av ovarievätska i boet kunde bestämmas. Resultatet visade att det 15 
minuter efter leken fanns det mer än tillräckligt med ovarievätska för att förlänga 
spermierörligheten i ytterligare minst 15 minuter. Halten ovarievätska i boet var alltså 
mer än tillräcklig för att spermier även hos sötvattenslevande storspiggar skulle hinna 
befrukta alla ägg.  
 
Nästa frågeställning var vad det var i ovarievätskan som låg bakom denna 
spermiestimulerande effekt. För att undersök detta analyserades ovarievätskans 
joninnehåll och två artificiella, saltbaserade ovarievätskor tillverkades med motsvarande 
jonkoncentrationer. Resultatet visade att båda de artificiella ovarievätskorna hade en lika 
effektiv spermiestimulerande effekt som den naturliga ovarievätskan. Det var alltså 
jonerna i ovarievätskan som låg bakom effekten, men det var ännu oklart hur. Spermierna 
kunde antingen bli stimulerade av jonerna som sådan, eller också genom det osmotiska 
tryck som jonerna gav ovarievätskan genom sin närvaro. För att skilja på dessa två 
möjliga lösningar, testades storspiggsspermier i en mannitollösning med samma 
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osmotiska tryck som ovarievätska. Mannitollösningen som inte innehöll några joner hade 
en viss stimulerade effekt, men inte alls lika stark som den naturliga eller de artificiella, 
saltbaserade ovarievätskorna. Slutsatsen är att jonerna som sådan står för den största 
delen av ovarievätskans spermiestimulerande effekt. 
 
Våra resultat hade visat att joner från ovarievätskan stannade kvar i boet ett tag efter 
leken. Frågan var nu vad det var i ovarievätskan som höll den kvar i boet. Proteiner och 
andra stora molekyler var en rimlig gissning och för att testa detta filtrerades en del av 
den insamlade ovarievätskan. Därefter sprutades proteinfri ovarievätska in i vissa 
nybyggda storspiggsbon och naturlig ovarievätska in i andra bon. Efter 5 eller 15 minuter 
togs sedan prover från dessa bon och proverna analyserades på joninnehåll. Resultaten 
visade att bon som fått proteinfri ovarievätska innehöll en mycket lägre koncentration av 
joner än de bon som fått naturlig ovarievätska. Den proteinfria ovarievätskan hade alltså 
löst upp sig i vattnet och jonerna hade därför diffunderat iväg från boet. Våra resultat 
visade alltså att proteinerna och de andra makromolekylerna hade en viktig funktion i att 
hålla jonerna kvar i boet. 
 

Tångspiggen 
Spermieundersökningar gjordes också på två till storspiggen besläktade arter, 
tångspiggen och den mindre havsnålen. Tångspiggen räknas som spiggfamiljens 
(Gasterosteidae) mest primitiva medlem och lever endast marint, det vill säga 
tångspiggen har till skillnad från storspiggen inte spritt sig till sötvatten. Sättet att 
befrukta sina ägg är dock detsamma, äggen läggs i ett bo och är då omgivna av en 
ovarievätska. Syftet med undersökningen var att testa om det fanns skillnader i 
spermiernas salttolerans mellan de båda arterna. Om så var fallet skulle detta delvis 
kunna förklara varför storspiggen lyckats sprida sig till sötvatten men inte tångspiggen. 
 
Undersökningarna genomfördes på samma sätt som hos storspiggen och resultatet visade 
att tångspiggens spermier hade bäst rörlighet i fullt marint vatten. I det salta vattnet var 
spermierna rörliga i ca en timme, medan i rörligheten i brackvatten var sämre, knappt 15 
minuter. I sötvatten hade tångspiggens spermier ingen rörlighet och ovarievätska hade 
ingen stimulerande effekt av spermierörlighet i vatten av någon salthalt. Slutsatsen är att 
spermierna hos tångspigg och storspigg skiljer sig åt, storspiggens spermier fungerar 
bättre i brackvatten, medan tångspiggens spermier kräver högre salthalter för att fungera 
bra. Våra resultat visar att storspiggens spermier gynnas av ovarievätskans närvaro i boet 
på ett sätt som borde vara av stor vikt vid förökning i sötvatten. Denna spermierespons, 
som saknas hos tångspiggen, kan vara en av anledningarna till att storspiggen så 
framgångsrikt lyckats kolonisera sötvatten medan tångspiggen förblivit marin. 
Tångspiggens basala position i spiggfamiljens släktträd gör att avsaknaden av respons på 
ovarievätska hos dem troligen betyder att denna respons inte är något generellt eller 
ursprungligt hos spermier bland spiggarna.  
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Mindre havsnål 
Till de Gasterosteiforma fiskarna hör också kant- och havs-nålsfiskarna. Den mindre 
havsnålen är en avlång, trådliknande fisk som lever vid de svenska kusterna. Då 
havsnålar leker, slingrar de sig runt varandra och honan fäster sina ägg på hanens mage. 
Hanen bär sedan på äggen tills det att de kläcks. Avhandlingens undersökning gick ut på 
att ta reda på hur själva befruktningen går till hos mindre havsnål. Enligt en tidigare 
undersökning skulle äggen befruktas genom att hanen sprutade ut ett spermiemoln i 
vattnet och sedan sjönk ner genom detta med äggen fästa vid magen. Eftersom den 
mindre havsnålen producerar mycket små mängder spermier verkade denna teori 
osannolik. Mindre havsnålsspermier testades därför i både havsvatten och ovarievätska 
som togs från havsnålsäggen. Resultatet visade att spermierna hade ingen rörlighet i det 
salta vattnet, men däremot i saltvatten blandat med i ovarievätska. Undersökningar av 
honorna strax efter att hon börjat fästa äggen vid hanen, visade också att det fanns 
spermier i hennes genitalregion vilket tyder på att hanen förmodligen för över en viss 
mängd spermier till honan vid omslingrandet. Dessa spermier kan sedan pressas ut/följa 
med i ovarievätskan då honan fäster äggen längs med hanens mage. Teorin att hanen 
skulle spruta ut spermierna i vattnet kan förkastas eftersom havsnålsspermierna inte kan 
röra sig i saltvatten. 
 
Sammanfattningsvis visar avhandlingen på hur ovarievätskans jonmiljö kan spela en 
viktig roll för fiskspermier. Resultaten ger en möjlig förklaring på varför den 
ursprungligen marina storspiggen lyckats kolonisera sötvatten medan tångspiggen inte 
har det.  
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Introduction  
 
 

REPRODUCTIVE ORGANS IN TELEOST FISHES 

Males 
In most teleosts, the testes are paired, although in some like the Poeciliids, they are 
combined into a single sac. The structure of the teleost testis may vary, but two main 
types can be characterised; the lobular and the tubular type. The lobular type is the most 
common one and the one present in, for example, the three-spined stickleback (Craig-
Bennett 1931). The lobular type of testes consists of a number of separated lobules and 
during the spermatogenesis, germ cells inside the lobules mature and produces cysts. 
These cysts then rupture and release the sperm in to the lobular lumen, which is 
connected to the sperm duct. In the tubular type of testes, germ cells mature in cysts that 
are arranged in rows in order of maturation. Tubules with primary spermatogonia are 
located at the blind peripheral end, while the tubules containing sperm and ready to burst 
are close to the central cavity and the sperm duct. The tubular type is restricted to the 
Poeciliids, such as the guppy Poecilia reticulata (Nagahama 1983).  
 
In both types of testes morphology, the development of male germ cells takes place in 
cysts formed by the Sertoli cells. After the mitotic divisions in the spermatocytogenesis, 
the spermatogonia are transformed into primary spermatocytes and these in turn undergo 
a meiotic division producing two daughter cells called secondary spermatocytes. The 
secondary spermatocytes transform into haploid spermatids though a second meiotic 
division. The spermatids then go through a process of differentiation before they can 
serve as functional male gametes, the sperm or spermatozoa. The last process is 
commonly referred to as spermiogenesis (Nagahama 1983).  
 

Females 
The teleost ovaries are usually paired and attached to the body cavity on both sides of the 
dorsal mesentery (Blüm 1986). Teleost ovaries can be divided into three types, the 
synchronous, group synchronous and the asynchronous type. In the synchronous type, all 
oocytes develop at the same time, making only oocytes at one developmental phase 
present at the same time. In the group synchronous type, two or more groups of oocytes 
are at different development stages at the same time, and in the asynchronous, oocytes at 
all different developmental stages exist simultaneously (Nagahama 1983). The three-
spined stickleback belongs to the group synchronous type. 
 
Unlike the mammalian oviducts, which have their origin in the Müllerian ducts, the 
teleost oviduct is a continuation of the posterior part of the ovaries fused together, and 
when the oocytes have matured, they are expelled though the oviduct (Hoar 1969). The 
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ovarian cavity was initially regarded as being merely a “stock-room” for keeping 
ovulated eggs until they were spawned, but morphological investigations by Yamamoto 
(1963) showed that the cells lining the ovarian cavity in the medaka Oryzias latipes have 
a secretory function. During ovarian maturation, the cells lining the ovarian cavity 
became progressively hypertrophied and start to actively secrete a fluid. Consistent with 
that, more recent investigations on the oviduct and ovarian cavity of the bleak, Alburnus 
alburnus show, that the ovarian cavity is bordered with an epithelium that is both 
secretory and covered with microvilli (Lahnsteiner et al. 1997a). The secretions from the 
epithelium contain glucose, proteins and enzymes. 
 
In the three-spined stickleback, a highly viscous ovarian fluid is secreted by the 
epithelium of the ovarian cavity. The ovarian fluid surrounds the mature eggs in the 
female lumen and Lam et al. (1978) suggested that the function of the fluid is to maintain 
the viability of ovulated eggs in the ovarian cavity. The ovarian fluid may, for example, 
prevent “overripening” i.e. that the eggs become hard inside the female and impossible to 
be laid. Besides playing an important role in protecting the eggs within the female, the 
fluid may also protect the eggs outside the female. When the female three-spined 
stickleback lays her eggs, the fluid remains around the eggs for some times.  
 
 
 

SPERM  
 
Fishes show a vast diversity in reproductive strategies and fertilisation modes. The 
characteristics of sperm morphology and motility generally reflect this diversity 
(Jamieson 1991). In externally fertilising fishes, where egg and sperm are shed into 
ambient water, sperm are generally produced in great profusion with a simple 
morphology and a brief period of motility. In contrast, sperm of internally fertilising 
fishes, being transferred into the female tract, are generally produced in smaller quantities 
but with a more elaborate morphology and energy stores that allow for a longer period of 
motility (Billard and Cosson 1990, Morisawa and Morisawa 1990). 
 

Sperm activation 
Animal sperm are in general quiescent within the seminal plasma. This is due to various 
factors in the seminal plasma, such as a certain ion concentration, inhibiting the motility 
of the sperm. In fish, the activation of sperm motility usually occurs as the seminal fluid 
gets diluted into the water, with the change in ion concentration, or osmotic pressure, as 
the most common trigger.  
 
In fresh water spawning fishes, sperm experience a hypo-osmotic change, i.e. a change to 
a media with lower osmolality, as they move from the seminal plasma into fresh water. 
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Sperm of marine fishes, encounters the opposite change, a hyper-osmotic change, 
meaning a change to a media with higher osmolality. Consequently, freshwater spawning 
fishes have sperm that initiate motility, are trigged, by a decline in osmolality (Billard 
1978; Morisawa et al. 1983b), whereas marine teleost have sperm that are triggered by an 
elevation in osmolality (Billard 1978; Morisawa and Suzuki 1980, Morisawa 1985).  
 
Exceptions to this are found in for example the fresh water spawning salmonids. In 
rainbow trout, Oncorhynchus mykiss, sperm motility is regulated by ions such as K+, H+ 
and Ca2+ in their external environment (Morisawa et al. 1983a; Morisawa and Morisawa 
1986; Morisawa and Ishida 1987; Morisawa and Morisawa 1988; Koldras et al. 1996). 
Likewise, sperm of internally fertilising fishes, escaping great osmotic changes, are not 
triggered by change in osmolality. Instead, the change in specific ion concentration or 
oxygen is presumed to be the trigger factor (Morisawa &Suzuki 1980; Morisawa 1985; 
Koya et al 1993). In some of the internally fertilising fishes, however, sperm has been 
found to be motile already in the seminal fluid (ocean pout, Macrozoarces americanus, 
Yao and Crim 1995 and masked greenling Hexagrammos octogrammus, Koya et al. 
1993).  
 

Sperm longevity  
The change in external environment generally triggers the sperm motility but is most 
often also severely damaging to the sperm. Only surrounded by a thin membrane, the 
change in osmotic and/ or ionic concentration will result in shrinking or swelling 
damages on the sperm’s body. The damages can cause the sperm to have a 
malfunctioning swimming pattern, as well as to restrict the sperm to a very brief period of 
motility (Morisawa 1994).  
 
Fresh water has long been known to have a damaging effect on sperm motility (Gray 
1920, Huxley 1930). Although the trout somatically is adapted to a life in the low 
osmolality of fresh water, the trout sperm is not (Huxley 1930). In fresh water, the sperm 
motility in the trout only last for 1-2 minutes (Gray 1920) but sodium chloride or diluted 
seawater can substantially prolong this period (Huxley 1930). Other fresh water spawning 
fishes show equally short motility periods, such as rainbow trout 15-30 seconds (Billard 
1986), carp, Cyprinus carpio; 30-40 seconds (Perchec et al. 1993) and pike Esox lucius 
30-60 seconds (Billard 1986).  
 
Seawater, however, seems to vary in its effect on sperm from marine fishes. In fishes like 
the Mediterranean horsemackerel, Trachurus mediterraneus and the plain red mullet, 
Mullus barbatus, sperm are motile for 60 respective 125 seconds. In the bogue, Boops 
boops and white sea bream, Diplodus sargus, however, about 10 % of the sperm remains 
motile for up to 2-3 hours (Lahnsteiner and Patzner 1998). 
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In internally fertilising fishes, the change in osmotic milieu is less dramatic and sperm 
may here be active for considerable longer period. In the ocean pout, sperm may remain 
motile for 24 hours in the fluid from the ovary or in the seminal plasma (Yao and Crim 
1995), and in the masked greenling; sperm remain motile for more than 2 days in the 
seminal fluid (Koya et al. 1993). 
 

Sperm competition 
Sperm competition is defined as competition between the sperm from two or more males 
for the fertilization of a given set of ova (Parker 1970, 1998). Being widespread among 
animal taxa, sperm competition often affects a variety of life history traits (Smith, 1984; 
Birkhead & Møller, 1998) and in fishes, the degree of competition varies both inter- and 
intra-specifically from no competition in some species, to species where several males 
compete frequently. The nature of external fertilisation common among fishes exposes 
males to sperm competition and allows for sneaking males to gain fertilisations by 
shedding sperm close to a mating couple (Petersen and Warner, 1998). Sperm 
competition can be measured by the paternity of progeny, but a common method of 
assessing the male gametic investment, is to measure the relative testes size. This 
measurement is called gonadosomatic index (GSI, = 100 x gonad weight/somatic weight) 
and expresses gonad weight as percentage of body weight. In a comparative review, 
Stockley et al. (1997) showed that in fish species with more intense sperm competition, 
the GSI was higher than in fishes with low or no sperm competition.  
 
 

Effects of eggs and ovarian fluid 
After spawning, various factors in the sperm’s environment can modulate its functional 
state and behaviour. The fluid expelled with the eggs or present in the female 
reproductive tract, have been shown to affect sperm of several animal groups such as; sea 
urchins (Lille 1913, Gray 1920; Ohtake 1976), amphibians (Onitake et al. 2000), 
mammals (Falcone et al. 1991; Fetterolf et al. 1994) and fishes (Yousida & Nomura 
1972; Hayakava & Munehara 1998; Turner & Montgomerie 2002).  
 
In mammals, oviductal or follicular fluid has been shown to have a variety of effects on 
sperm such as; attracting the sperm (Villanueva-Diaz et al 1990; Ralt et al 1991; Cohen-
Dayag et al 1994; Oliveira et al 1999), accelerating the capacitation (Ravnik 1990), 
stimulating the acrosom reaction (Suarez 1986), stimulating sperm velocity (Falcone et 
al. 1991, Oliveira et al 1999) and prolong sperm survival (Zhu et al. 1994). The sperm 
attracting substances in mammals appear to be heat stable peptides (Fetterolf et al. 1994; 
Eisenbach 1999). 
 
In fish, ovarian fluid has in a number of cases been found to prolong or enhance sperm 
motility, such as in rainbow trout Oncorhynchus mykiss (Yousida & Nomura 1972), 
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Arctic charr Salvelinus alpinus (Turner & Montgomerie 2002), wolffish Anarhichas 
minor (Kime & Tveiten 2002), elkhorn sculpin Alcichthys alcicornis (Koya et al. 1993) 
and Gilbert’s Irish lord, Hemilepidotus gilberti (Hayakava & Munehara 1998). In the 
Pacific herring, the ovarian fluid contains a polypeptide (105 kDa) that initiates sperm 
motility and is called SMIF (sperm motility inducing factor) (Yanagimachi et al. 1992; 
Pillai et al. 1993). 
 
 
 

THE GASTEROSTEIFORM FISHES 
 
The order Gasterosteiformes contains two suborders, Gasterosteoidei and Syngnathoidei. 
Gasterosteoidei consists in turn of three families and one of these families is represented 
in this thesis, the Gasterosteidae (sticklebacks). The other two families, Aulorhynchidae 
and Hypoptychidae, are both exclusively marine groups. The other suborder, 
Syngnathoidei, contains eight families, and in this thesis the family Syngnathidae 
(pipefishes and seahorses) is represented (Nelson 1994).  
 
The stickleback family, Gasterosteidae, contains five genera with at least six species, 
including species complexes. Besides the three- and fifteen-spined stickleback, other 
family members are for example; the black-spotted stickleback, G. wheatlandi, the brook 
stickleback, Culaea inconstans, the four-spined stickleback, Apeltes quadracus, and the 
nine-spined stickleback, Pungitius pungitius. Sticklebacks are small fishes, ranging from 
a few centimetres to the maximum length of 18 cm in the fifteen-spined stickleback. The 
dorsal spines, varying in number between the different species, are important 
characteristics for the species. Sticklebacks are spread in various waters on the Northern 
Hemisphere. 
 
The family Syngnatidae contains pipefishes (subfamily Syngnathinae) and seahorses 
(Hippocampinae), which in total includes 52 genera and about 215 species. Syngnathids 
are in general thin, elongated, marine fishes with a maximum length of 56 cm. Although 
they are usually confined to shallow waters, the syngnathids inhabit waters from south-
western Alaska to Tierra del Fuego (Nelson 1994). 
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Figure legend: Phylogenetic tree of the sticklebacks showing habitat preferences. G. = 
Gasterosteus, X = outgroup, see above (Brooks and McLennan, 1991).  
 

The three-spined stickleback  
The three-spined stickleback Gasterosteus aculeatus is one of the members of the 
stickleback family, Gasterosteidae (Bell and Foster 1994). This small teleost fish inhabits 
a variety of aquatic habitats in the Northern Hemisphere, ranging from full-strength 
seawater in the ocean to freshwater in small potholes. The ability to live and also 
successfully spawn under such diverse aquatic conditions makes the tree-spined 
stickleback rare among fishes. The three-spined stickleback is originally marine, and both 
geographical and genetic evidence shows that freshwater populations have derived 
repeatedly from a marine ancestor (Bell and Foster 1994). Whereas fossil records show 
that marine groups of three-spined stickleback have changed very little over time in 
general morphology, freshwater groups exhibits a wide variety of morphs in different 
waters (Bell and Foster 1994). 
 
The stickleback reproduction occurs in spring or early summer. The males, brightly 
coloured with red bellies and blue eyes, acquire breeding territories, build nests and court 
females. At courting, the males display an elaborate zig-zag dance in front of the female 
and if she is ready to mate, she follows him to the nest and lays the eggs inside it. The 
male then swims though the nest and fertilises the eggs. After the spawning, the male 
takes cares of the eggs by protecting them and aerating them trough fanning. The males 
usually also protects the young for a few days after they hatched (for details, see Rowland 
1994).  
 
When the eggs are deposited inside the nest, a thick, viscous ovarian fluid that only 
slowly dissolves into the water surrounds them. This is the environment that the 
stickleback sperm encounters at fertilisation. Sticklebacks have small testes (a GSI of 
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about 0.5 % in the breeding period), and like many other fishes have a fixed amount of 
sperm during the breeding season due to the spermatogenesis being inactive at this time 
(Borg 1982).  
 
 

The fifteen spined stickleback  
The fifteen-spined stickleback Spinachia spinachia is regarded as the phylogenetically 
most primitive member of the stickleback family, Gasterosteidae (McLennan et al. 1988; 
McLennan 1993). Being unique to Europe, the fifteen-spined stickleback inhabits marine 
and brackish water where the salinity isocline of 4 ppt. sets its tolerance limit (Gross 
1978). The sexes are monomorphic, and in contrast to the three-spined stickleback exhibit 
no extravagant sexual colour or other externally visible secondary sexual character 
(Östlund-Nilsson 2000). Inhabiting shallow eelgrass Zostera marina meadows and Fucus 
belts during its reproductive period in spring-early summer, the males build their nests in 
the macro vegetation, using epiphytic algae as nest material (Östlund-Nilsson 2000). 
Similar to the three-spined stickleback, the male reproductive behaviour involves fighting 
for territory, nest building, spawning with one or more females, and finally caring for the 
eggs until they hatch (Sevenster 1951; Östlund-Nilsson 2000). 
 
 

The straight-nose pipefish  
Straight-nose pipefish Nerophis ophidion belongs to the family Syngnathidae (pipe fishes 
and seahorses). They have a thin, elongated body of a maximum size of c. 30 cm. They 
inhabit temperate waters in Eastern Atlantic; Norway to Morocco (excluding the region 
from Denmark to Netherlands), also throughout the Mediterranean and the Black Sea. 
They live in the algal zone or eel-grass (Zostera) in a depth range between 0- 15 m. They 
feed on small crustaceans and fish fry and spawn in May - August (Dawson, 1986). 
 
The straight-nose pipefish has reversed sex-roles. This means that it is the females, which 
compete for the access to males as well as lead the courtship at mating (Fiedler, 1954; 
Berglund et al., 1986; Rosenqvist, 1993). At the onset of breading season, the females 
also develop ornamental skin folds and a blue coloration on their later sides in order to 
attract males. When they mate, an often hour-long courtship is followed by females 
depositing her eggs onto the male’s ventral side, rostrally to the anal opening (Fiedler, 
1954). The male then carries the eggs until they hatch and miniature straight-nose 
pipefish are born. 
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Aim of thesis  
 
 
 
The overall aim of the thesis was to investigate factors influencing sperm motility in 
Gasterosteiform fishes. Most of the work has been aimed to understand the mechanisms 
behind the three-spined sticklebacks successful fertilisation in water of all salinities. 
More specifically the following questions have been addressed. 
 
1. How does sperm of the three-and fifteen spined sticklebacks react to water of different 
salinity and to the presence of ovarian fluid? Can differences in sperm feature between 
the three- spined and the fifteen-spined stickleback explaining the why the three-spined 
but not the fifteen-spined stickleback has colonised fresh water? (Paper I and II) 
 
2. What factor in the ovarian fluid of the three-spined stickleback is responsible for its 
effect on the sperm? (Paper III) 
 
3. Is the concentration of ovarian fluid present in the three-spine stickleback nest high 
enough to stimulate the sperm under natural conditions? Does the ovarian fluid remain in 
the nest long enough to be of importance at the fertilisation and what factor retains the 
fluid in the nest? (Paper III) 
 
4. How does fertilisation in the straight-nosed pipefish occur? (Paper IV) 
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Methods  
 
 

ANIMALS 
Adult three-spined sticklebacks were caught during 2000-2004 in the following types of 
habitats: freshwater; a pond in Umeå, brackish water; at Askö Laboratory in the north 
western Baltic Proper or at Falsterbo in Skåne, and sea water; Tjärnö Marine Laboratory, 
on the Swedish west coast. The fish were kept in aquaria at the Department of Zoology 
and fed daily with red midge larvae.  
 
Fifteen-spined sticklebacks were collected at Klubban Biological Station, Fiskebäckskil 
on the Swedish west coast in June 2002. Nesting males were caught by snorkelling and 
kept individually in 50 l aquaria supplied with through-flowing seawater, and kept under 
simulated natural photoperiod. Males were fed with red midge larvae and tested within a 
few days.  
 
The straight-nose pipefish were collected during May in 2002 and 2003, before the onset 
of the reproductive season. They were caught in shallow eelgrass meadows (0.5-6 m 
depth) in the Gullmarfjord at the Swedish west coast, using a small beam trawl (mesh 
size 4 mm) pulled by a boat. The fish were kept in a built-in tank (3x1x1 m) with a glass 
window on one side and a lid opening towards the outdoors on the top. The tank 
contained artificial eelgrass and was supplied with constantly running natural seawater of 
ambient temperature. The lid was kept open during daytime to provide natural light. The 
fish was were fed fish frozen mysids, live brine shrimps (Artemia) and zooplankton 
caught in the sea. 
 

SPERM TESTING PROCEDURE 
None of the three fish species could be easily stripped by gentle belly pressing without 
harming the fish. Sperm were therefore obtained after the fish was killed, by quickly 
excising the testes, cutting them open and diluting the sperm in the desired media. 
Various media were used in the test of sperm motility (for details see paper I-IV). The 
water used was either natural (collected at the place where the fish were caught) or 
artificial (made with Aqua Medic seawater aquarium salt added to tap water) at various 
salinities. In the three- as well as in the fifteen-spined stickleback, ovarian fluid was 
collected with a pipette after the egg batch had been expelled by gentle abdominal 
pressure on fully ripe females. In the straight-nose pipefish, however, ovarian fluid was 
obtained after the fish was killed and the gonads were taken out. In the three-spined 
stickleback, two artificial ionic ovarian fluids and one mannitol fluid based on the ionic 
and osmotic analysis of the ovarian fluid were also used. 
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The general testing procedure was similar to that described by Kime et al. (1996). 
Approximately 1 µl of milt was diluted in 1 ml of the desired medium. Tubes containing 
the sperm suspension were kept in a water bath at 15 or 20°C. Consecutive samples were 
taken from the sperm suspensions and recorded with aid of a microscope (40x negative 
phase objective) a black and white video camera and a video-recorder. The video 
recordings of sperm movements were subsequently analysed by computer assisted sperm 
analysis (CASA) using a Hobson Sperm Tracker at Sheffield University or Institute of 
Zoology, London. The following parameters were studied; curvilinear velocity, VCL 
(distance along the sperms curve line path over time), straight-line velocity VSL (the 
straight-line distance between first and last point of the sperm path over time), linearity 
LIN (VSL/VCL) x 100), longevity and percent motile sperm.  
 

FLUID INVESTIGATIONS  
After collection, ovarian fluid was immediately frozen and stored at –70°C until it was 
used in analysis or tests. Ovarian fluid concentrations of Na+, K+ and Ca2+ were analysed 
by flame emission spectroscopy (Eppendorf ELEX 6361) using an internal Li standard, 
Cl-, was analysed by amperometric titration (radiometer CMT10) and osmolality was 
assessed by freeze point determination (Advanced instruments 3MO). The above 
techniques were also used in analysis of the plasma. 10 fishes from each of the three 
habitats were anaesthetized and blood was collected in heparinized capillary tubes from 
the severed peduncle. The tubes were centrifuged and the plasma of the 10 fish was 
pooled in order to get a sufficient amount for analysis.  
 

NEST SAMPLES 
The concentration of ovarian fluid present in the nests after spawning was measured by 
taking samples from the nest with aid of a pipette. Samples of 200 µl were taken 5 or 15 
minutes after the spawning had occurred and each male were given time to rebuild his 
nest before the next female was introduced. Control samples of the ambient aquarium 
water were also taken and samples were analysed for Na+, K+, Ca2+ and osmolality as 
described above for the ovarian fluid. 
 

EFFECTS OF PROTEINS ON ION RETENTION WITHIN THE NEST  
By removing proteins and other large macromolecules from the ovarian fluid with a 
micro partition system (filter cut off of 30 000 D), an ovarian fluid ultra filtrate was 
created. This ovarian fluid ultra filtrate or natural ovarian fluid was then inserted into 
newly built three-spined sticklebacks nests. Samples were taken 5 or 15 minutes after 
insertion and thereafter analysed for Na+, K+, Ca2+ concentration and osmolality as 
described above for the ovarian fluid.  
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STATISTICAL ANALYSIS  
The statistical analyses were done using SYSTAT version 9 (SPSS) or STATISTICA 
(StatSoft, Inc. 1998). Data were tested for normality using a Kolmogorov-Smirnov test. 
In paper I, pair ways comparisons of sperm motility were assessed using the non-
parametric Wilcoxon matched pairs test. For testing differences between populations 
Kruskal-Wallis ANOVA and Mann Whitney U test were used. In paper II, sperm motility 
parameters were tested using Kruskall-Wallis test. When significant differences were 
found, Mann-Whitney U tests with Bonferroni correction were used to establish between 
group differences. In paper III, longevity data were analysed with Kruskal-Wallis 
ANOVA, and a one-way repeated measurement ANOVA were used to test effects of 
concentrations of ovarian fluid and artificial ovarian fluids on sperm velocity and 
percentage motile sperm data. In tests of differences between natural and artificial 
ovarian fluids, a two-way repeated measurement ANOVA was used to examine the 
effects of treatment and concentration. A two way ANOVA was also used in order to test 
protein-free ovarian fluid versus natural ovarian fluid in the nests. In tests of mannitol 
solution, Wilcoxon matched pair tests were used for longevity data and Students t-test for 
dependent samples for velocity and percentage motile sperm data.  
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Results  
 
 

SPERM MOTILITY; VELOCITY 
Sperm of both the three-spined and the fifteen spined sticklebacks moved with an initial 
curvilinear velocity of 40-100µm/s, and the straight-line velocity was 10-40 µm/s in most 
tested media (paper I, II & III).  
 

SPERM MOTILITY; EFFECTS OF SALINITY 
Irrespectively of the three-spined sticklebacks’ habitat origin, sperm exhibited the longest 
period of motility in brackish water (5 ppm), lasting several hours (paper I). In 
freshwater, sperm from seawater males were immotile and sperm from fresh- and 
brackish water males swam for less than a minute. In seawater, sperm from seawater 
males were motile for approximately one hour, whereas sperm from brackish and 
freshwater males were not motile.  
 
In contrast, sperm motility in the fifteen-spined stickleback declined quicker in brackish 
water than in seawater (paper II). In seawater (30 ppt. and 20 ppt.), sperm of the fifteen-
spined stickleback were motile for 60-90 minutes, in brackish water (10 ppt.), for 5-30 
minutes and in fresh water there was no motility. 
 
Sperm of the straight-nosed pipefish were not found to be motile in seawater (paper IV). 
 

SPERM MOTILITY; EFFECTS OF OVARIAN FLUID 
Sperm of fresh and brackish water three-spined sticklebacks displayed prolonged 
longevity and higher velocities and percentage motile sperm in fresh and brackish water 
in the presence of ovarian fluid (paper I & III). In fresh water males, addition of ovarian 
fluid to the fresh water extended the duration of sperm motility from a minute up to 7 
hours. In brackish water males, sperm were motile for 3-5 hours in brackish water, but for 
at least 10 hours in the presence of ovarian fluid. Some males had motile sperm for up to 
24 hours. The stimulating effect of the ovarian fluid was present even at concentrations as 
low as 0.75 and 1.56%, but higher concentrations of ovarian fluid resulted in higher 
sperm motility values.  
 
Sperm of the fifteen-spined stickleback showed, however, no response to ovarian fluid 
(paper II). This fluid had no effect on any of the sperm motility parameters, at any time, 
in either seawater (30 ppt.), brackish water (5.5 ppt.), or freshwater (0 ppt.).  
 
Sperm of the straight-nose pipefish were not activated by pure ovarian fluid, but by a 
mixture of ovarian fluid and seawater (paper IV). The motility lasted for a few minutes, 
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but the total number of sperm found was low. Sperm that first had been diluted in 
seawater could not be activated by subsequently (five minutes later) added ovarian fluid. 
Neither could sperm diluted in ovarian fluid be activated by addition of seawater after 
five minutes. Further, a small number of sperm were found in the genital area of three of 
the six females that were examined directly after mating. In two of these, the sperm were 
still alive for a few minutes. 
 

SPERM MOTILITY; EFFECTS OF ARTIFICIAL OVARIAN FLUID 
The two ionic artificial ovarian fluids had an equally stimulating effect as the natural 
ovarian fluid on sperm longevity, sperm velocity and percentage motile sperm (paper III). 
Even at low concentrations of artificial ovarian fluid corresponding to 0.75% of ovarian 
fluid, sperm motility was stimulated, although higher concentrations resulted in higher 
sperm motility values.  
 
Mannitol solution, having the same osmolality as the ovarian fluid, did not have the same 
stimulating effect as natural ovarian fluid (paper III). Both sperm longevity and sperm 
velocity was lower in this non-ionic ovarian fluid, with sperm remaining motile for 
maximum 30 minutes. There were, however, no differences between the media in 
percentage motile sperm initially. 
 

ANALYSIS OF THREE-SPINED STICKLEBACK OVARIAN FLUID 
The concentrations of Na+, Cl-, Ca2+ and K+ in the three-spined stickleback ovarian fluid 
and in the plasma are shown in Table 1 in paper III. The highest ion concentrations of 
both ovarian fluid and plasma were found in the seawater population and the lowest 
concentrations in the fresh water population. The seawater sticklebacks had an osmolality 
of 314 mOsm in ovarian fluid and 345 mOsm in plasma. The corresponding values for 
ovarian fluid and plasma were 245 and 301 mOsm for brackish water fish and 208 and 
266 mOsm for freshwater fish.  
 

ANALYSIS OF ION CONCENTRATION IN THREE-SPINED 
STICKLEBACK NESTS  
The result of samples taken from three-spined stickleback nests after natural spawning, is 
shown in Table 2, paper III. Fifteen minutes after spawning, the ionic concentration in the 
nest showed that the concentration of ovarian fluid in the nest was at least 3-4%.  
 
The result of samples taken from three-spined stickleback nest that inserted with either 
ovarian fluid ultra filtrate or natural ovarian fluid, are shown in Table 3, paper III. Both 
Na+ concentration and osmolality values were found to be significantly higher in nest 
where natural ovarian fluid instead of ovarian fluid ultra filtrate had been inserted. 
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Discussion  
 
 
Outgroup analysis (Maddison et al. 1984) shows the stickleback family, Gasterosteidae, 
to be originally marine, but the three-spined stickleback has successfully invaded 
numerous fresh water habitats in the Northern hemisphere (Bell and Foster 1994; 
McLennan et al. 1988). The ability to spawn in waters of all salinities is unusual among 
fishes, and our results show sperm of the three-spined stickleback to vary in salinity 
tolerance depending on the habitat the stickleback live in. Fresh and brackish water three-
spined sticklebacks had motile sperm in fresh and brackish water, but not in seawater, 
and in contrast, seawater three-spined sticklebacks had motile sperm in sea and brackish 
water but not in fresh water. The best motility, i.e. the longest duration of sperm motility, 
in all three-spined sticklebacks, was found in brackish water.  
 
Our salinity tolerance results are in general agreement with what has been observed in 
Russian three-spined sticklebacks (Ziuganov & Khlebovich, 1979). In a study of fresh 
water and marine sticklebacks in the White Sea region, brackish water (salinity 12-20ppt) 
was found to be the water environment where the best sperm motility was achieved. 
Fresh water three-spined sticklebacks here had motile sperm for 53 minutes, whereas the 
marine three-spined sticklebacks sperm were motile for 36 minutes. In both higher and 
lower salinity, the motility period was reduced.  
 
In yet another previous study, de Fraipont et al. (1993) found sperm of the three-spined 
stickleback to last approximately 5-7 minutes in brackish water (salinity 15 ppm). This is 
in marked contrast to our studies and that by Ziuganov & Klebovitch, 1979, although the 
salinities differed. The result of de Fraipont et al. (1993) is likely to be due to their 
method of squeezing sperm out of the stickleback. Unlike many other fishes, the three-
spined stickleback cannot be easily stripped of sperm without seriously harming the fish 
and contaminating the sperm with urine and other body fluids. Contamination with urine 
will, undoubtedly, shorten the sperms period of motility, and it is also the most likely 
explanation to the extremely low motility (most spermatozoa immotile or vibrating) 
found in the study by de Fraipont et al. (1993). 
 
The fifteen-spined stickleback, which is regarded as the most primitive member of the 
stickleback family and has not colonised fresh water, differed from the three-spined 
stickleback from all habitats in sperm salinity tolerance. Sperm of the fifteen-spined 
stickleback had their longest period of sperm motility in seawater (about one hour), a 
reduced motility in brackish water (15- 30 minutes), and no motility in fresh water.  
These results match the fact that the fifteen-spined stickleback lives and spawns in the sea 
and not in fresh water. 
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Compared to other fishes, the sperm longevity found in three-spined sticklebacks (sperm 
diluted in brackish or seawater) and in fifteen-spined stickleback (sperm diluted in 
seawater), is unusually long. The longest periods of fish sperm motility in water are 
otherwise reported from marine fish species, such as turbot, Scophthalmus maximus (20 
minutes) (Suquet et al. 1992; Fauvel et al. 1993) sea bass, Dicentrarchus labrax (3-30 
minutes), and bluefin tuna Thunnus thunnus (13- 15 minutes)(Suquet et al. 1994). The 
velocity of three- and fifteen-spined sticklebacks sperm was, however, fairly slow (i.e. 
40-80µm/s curvilinear velocity and 10-40µm/s velocity straight line) Sperm of most other 
investigated fish species moves with a higher pace (100-200µm/s curvilinear velocity), 
but then only for a few brief minutes (Yanagimachi et al. 1992; Trippel and Morgan 
1994; Chauvaud et al. 1995; Lahnsteiner et al. 1995; Toth et al. 1997; Geffen 1999). 
Fishes showing the same motility pattern of a slow but prolonged duration are, for 
example, the bullhead Cottus gobio (Lahnsteiner et al., 1997b) and the wolffish 
Anarhichas minor (Kime & Tveiten, 2002). Since sperm have finite energy stores, a trade 
off between longevity and velocity could exist in fish sperm, as suggested for three 
echinoid species (Levitan, 2000). The very long period of sperm motility does, however, 
suggest that energy depletion is not of biological importance for the three-spined 
stickleback sperm.  
 
The three-spined sticklebacks sperm longevity in fresh water did not differ from what is 
usual in other freshwater spawning fishes, i.e. about a minute (Gray 1920, Huxley 1930, 
Billard 1978, Billard & Cosson 1990). A previous fertilisation study on three-spined 
stickleback showed, however, that it takes 15 minutes for all of the eggs to be fertilised 
(Zbinden 2002). A brief minute of motile sperm would subsequently be insufficient, but 
fresh water alone is not the environment sperm of the three-spined stickleback encounter 
at spawning. A viscous ovarian fluid surrounds the eggs laid in the nest, and this fluid, 
although absorbing a certain amount of water, remains around the eggs for some time. 
Our results show that the presence of ovarian fluid greatly stimulated sperm motility in 
the three-spined stickleback, in both fresh and brackish water. Ovarian fluid enhanced 
sperm longevity even at as low concentrations as 0.75%, and higher concentrations of 
ovarian fluid also stimulated sperm velocity and percentage motile sperm. There was a 
positive correlation between all sperm motility values and concentration of ovarian fluid, 
and at an ovarian fluid concentration of 12.5 % and above, sperm motility lasted for 10 
hours or more.  
 
That ovarian fluid can stimulate sperm motility in fishes has previously been found in for 
example the nest building, marine sculpin Hemilepidotus gilberti (Hayakava and 
Munehara 1998), in the freshwater spawning bullhead, in the wolffish (Kime & Tveiten 
2002), in the Atlantic cod (Litvak and Trippel 1998) and in the Arctic charr (Turner and 
Montgomery 2002). We found that in the three-spined stickleback, the factor responsible 
for this sperm stimulating effect in the ovarian fluid was the ionic content. Our 
investigations of sperm response to artificial ionic and non-ionic fluid showed that 
although osmolality had a minor effect, the major effect was due to the ionic milieu in the 
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ovarian fluid. Several components in the ovarian fluid have been suggested to be 
responsible for the stimulating effect, such as glucose in which sperm of the viviparous 
guppy can remain motile for 18 hours (Gardiner 1978), and peptides, which are found to 
initiate sperm motility in the Pacific herring (Yanagimachi et al. 1992). That ions may be 
at least partly responsible the stimulating effect of ovarian fluid has previously been 
proposed (Koya et al. 1993, Morisawa 1994; Turner & Montgomerie 2002), though not 
shown in fish species other than in brown trout Salmo trutta (Lahnsteiner 2002). The 
importance of ions in regulating sperm motility has previously been found in many 
studies, but their effect have also been shown to vary considerable between species and 
not always to be distinguishable from the effects of osmolality (Billard 1978, Morisawa 
1980, Takai & Morisawa 1995; Jamie 1990, Cosson 2004). 
 
Besides ions, the ovarian fluid contains a large amount of macromolecules, probably 
glycoproteins, making the fluid highly viscous. Our results show, that although these 
macromolecules does not affect sperm motility per se, they play an important role in 
retaining the ions of the ovarian fluid in the nest. In the samples taken from nests where 
natural ovarian fluid had been inserted instead of ovarian fluid ultra filtrate, the ionic 
content was significantly higher.  
 
To retain the ions of the ovarian fluid in the nest would in fresh water be highly 
beneficial for the motility of the three-spined stickleback sperm. Our results on samples 
taken from three-spined sticklebacks nest show that the ion concentrations in the nest are 
high enough to stimulate sperm and keep them motile for well over 15 minutes. This 
indicates that the presence of ovarian fluid in the three-spined stickleback nest is 
biologically important for successful fertilisation. It is possible that this is one of factors 
that have made the three-spined stickleback a successful coloniser of fresh water. It is 
further also possible that the ovarian fluid might have the same importance for other 
originally marine fish that has colonised fresh water, like for example the freshwater 
spawning bullhead. 
 
During courting, the male three-spined stickleback customarily creeps through the nest. 
This behaviour has been interpreted as an ambivalent activity, a sexual – aggressive 
activity, or a “boring” activity, i.e. preparation of the nest (Sevenster-Bol 1962). Lately, it 
has also been suggested to serves the function as a pre-oviposition ejaculation, i.e. the 
male releasing sperm in the nest before the eggs arrive (Le Combier et al. 2005). 
Although our results of three-spined stickleback sperm having a long period of motility 
would suit this theory, the evidence that males eject sperm in the nest as they creep 
through is meagre. Sevenster-Bol (1962) tested this idea by adding eggs to the nest after 
the male had crept though. She found that in 2 of 16 clutches, a few eggs (together 4 or 
1.5 % of these 2 clutches) were fertilised. It is questionable if this low number of 
fertilised egg would be of real biological importance. It would also be a wasteful way of 
the three-spined stickleback to distribute its limited amount of sperm.  
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Sperm of the fifteen-spined stickleback were, however, not stimulated by ovarian fluid. 
Our results show that the presence of ovarian fluid does not affect sperm motility in the 
fifteen-spined stickleback. The fifteen-spined stickleback’s basal position in the 
stickleback family tree, suggest that the response to ovarian fluid, or to a lower ionic 
concentration, is not primitive among sticklebacks. The difference, between the three- 
and the fifteen-spined stickleback in sperm response to ovarian fluid, raises the question 
of the importance of this sperm response in influencing habitat distribution. It is possible 
that the fifteen-spined stickleback’s lack of response might be one of the factors 
preventing a fresh water colonisation, just as it, in the three-spined stickleback, might 
have been a factor facilitating it. 
 
Ovarian fluid was also found to be of importance for the motility of the sperm in the 
externally brooding straight-nose pipefish. Sperm of the straight-nose pipefish were not 
motile in seawater but moved in a mixture of ovarian fluid and seawater, and sperm that 
first had entered seawater could not be activated by ovarian fluid. This contradicts the 
previously suggested fertilisation theory, in which fertilisation should occur as the male 
straight-nose pipefish eject a sperm cloud and sink though it with the eggs attached to its 
belly (Fiedler, 1954). Ejaculation of sperm into open water does also seem unlikely since 
the straight nosed pipefish has minute testes and only a small amount of sperm.  
 
Morphologically, unlike the spherical heads of the three-spined stickleback (Hara & 
Okiyama, 1998), the heads of the straight-nose pipefish were elongated and more 
resembled that of internally than externally fertilising fishes (Jamieson 1991). A few 
sperm were also found in the female genitalia area after mating. These results supports 
the idea that fertilisation in the straight-nosed pipefish does not take place in open water. 
Instead, it seems more plausible that fertilisation takes place in close proximity of the 
eggs, i.e. in a dissolving ovarian fluid. This could occur in several ways, such as, for 
example, sperm being transferred into the female before egg transfer, or sperm being 
pushed forward by the female genital papilla while laying the eggs, as suggested for the 
worm pipefish Nerophis lumbriciformis (Monteiro et al. 2002).  
 
Due to the higher risk of sneaking, sperm competition theory predicts that externally 
fertilising fishes should invest more in sperm production and gonadal tissues than 
internally fertilising fishes (Parker 1970, 1998, Stockley et al 1997). A study on fishes 
belonging to the Syngnathidae family (Kvarnemo & Simmons 2004) show, however, that 
there is no difference in testes size between syngnathid males that fertilised eggs inside a 
brood pouch, and those males that were assumed to fertilise the eggs outside, as the 
straight-nosed pipefish does. If fertilisation among the syngnathid males that fertilise the 
eggs outside occurs as we suggest for straight nosed pipefish, i.e. in close proximity of 
the eggs, this would reduce the likelihood of sperm competition and subsequently the 
need of large testes. This would also be in agreement with the paternity studies conducted 
on syngnathids, showing that males have complete confidence of paternity (reviewed in 
Avise et al. 2002). 
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To summarize, in this thesis, the influence of salinity and ovarian fluid on sperm motility 
in Gasterosteiformes fishes is examined. Our results show, that in the three-spined 
stickleback, stimulatory effect of the ovarian fluid on sperm motility is of biological 
importance and exerted by the fluids ionic content. The strong stimulatory response of 
sperm to ovarian fluid may have facilitated the three-spined sticklebacks invasion of fresh 
water, but since sperm of the fifteen-spined stickleback lack this response to ovarian 
fluid, this adaptation is probably not primitive among sticklebacks.  
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Conclusions  
 
 
 
1. Sperm of the three- and fifteen-spined sticklebacks differ in salinity tolerance. In three-
spined sticklebacks, the sperm’s salinity tolerance depends on habitat, but males from all 
environments show an unusually long period of sperm motility in brackish water. Sperm 
of the fifteen-spined stickleback, however, have reduced motility in brackish water, a 
good motility in seawater and no motility in fresh water. 
 
The presence of ovarian fluid prolongs sperm motility in fresh and brackish water three-
spined sticklebacks. In fresh water, the motility period is prolonged from only a brief 
minute in fresh water alone to 7 hours with addition of ovarian fluid. Sperm of the 
fifteen-spined stickleback is, however, not stimulated by ovarian fluid. The fifteen-spined 
sticklebacks basal position among the sticklebacks suggests that this stimulation is not 
primitive among sticklebacks. It also provides a possible explanation to why the three-
spined, but not the fifteen-spined, stickleback has colonised fresh water. 
 
2. The stimulating effect of the ovarian fluid on sperm of the three-spined stickleback is 
mainly due to its ionic content, and the protein or other macromolecules retain the ions in 
the nest. 
 
3. Under natural spawning conditions in the three-spined stickleback, the ionic 
concentration in the nest is high enough to secure sperm motility adequate for 
fertilisation.  
 
4. Fertilisation mode of the straight-nosed pipefish resembles more the one of internally 
than externally fertilizing fishes. Sperm is deposited in close proximity to the eggs, which 
could also explain the straight-nosed pipefish’s complete confidence of paternity and 
minute testes. 
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