
 

 

Proliferative kidney disease (PKD)  

in Icelandic fresh water 

Distribution and prevalence of Tetracapsuloides bryosalmonae 
and its effect on salmonid populations in Iceland 

Fjóla Rut Svavarsdóttir 

Thesis for the degree of Master of Science 

University of Iceland 

Faculty of Medicine 

School of Health Sciences 

  



  

 

 

 

 

 

 



  

 

 

PKD-nýrnasýki í ferskvatni á Íslandi 

Útbreiðsla og tíðni orsakavaldsins, Tetracapsuloides bryosalmonae,      

og áhrif hans á villta stofna íslenskra laxfiska  

Fjóla Rut Svavarsdóttir 

Ritgerð til meistaragráðu í líf- og læknavísindum 

Umsjónarkennari: Árni Kristmundsson 

Meistaranámsnefnd: Mark Andrew Freeman og Sigurður Helgason 

 

 

Læknadeild 

Heilbrigðisvísindasvið Háskóla Íslands 

Júní 2016  



  

 

  



  

 

 

Proliferative kidney disease (PKD) in Icelandic fresh water 

Distribution and prevalence of Tetracapsuloides bryosalmonae and its 

effect on salmonid populations in Iceland 

Fjóla Rut Svavarsdóttir 

Thesis for the degree of Master of Science 

Supervisor: Árni Kristmundsson 

Masters committee: Mark Andrew Freeman and Sigurður Helgason 

 

 

Faculty of Medicine 

School of Health Sciences 

June 2016 

  



  

 

 

Ritgerð þessi er til meistaragráðu í líf- og læknavísindum og er óheimilt að afrita 

ritgerðina á nokkurn hátt nema með leyfi rétthafa. 

© Fjóla Rut Svavarsdóttir 2016 

 

Prentun: Samskipti ehf. 

Reykjavík, Ísland 2016  



  

3 

Ágrip 

 

PKD-nýrnasýki (Proliferative kidney disease) er alvarlegur sjúkdómur sem herjar á laxfiska. 

Orsakavaldur sjúkdómsins er smásætt sníkjudýr, Tetracapsuloides bryosalmonae (T.b.), en sníkjudýrið 

þarf tvo hýsla til að ljúka sínum lífsferli, laxfiska og mosadýr. Uppkoma sjúkdómsins er beintengd 

vatnshita sem þarf að ná a.m.k. 12-14°C í nokkrar vikur svo fiskur sýni sjúkdómseinkenni. Fiskur í 

kaldara umhverfi getur þó smitast af sníkjudýrinu án þess að sýna einkenni sjúkdómsins.  

PKD-nýrnasýki greindist fyrst á Íslandi í október 2008. Síðan þá hafa verið í gangi umfangsmiklar 

rannsóknir, bæði á útbreiðslu sníkjudýrsins, og áhrifum sjúkdómsins á villta stofna laxfiska. Megin 

markmið rannsóknarinnar var að bæta við þekkingu á útbreiðslu og tíðni sníkjudýrsins í íslensku 

ferskvatni og áhrifum þess á laxfiskastofna á Íslandi, sérstaklega í samhengi við hlýnandi veðurfar.  

Niðurstöðurnar eru byggðar á tölfræðilegum-, vefjameinafræðilegum- og sameindalíffræðilegum 

aðferðum. Skimað var fyrir sníkjudýrinu með PCR og með skoðun á HE-lituðum vefjasneiðum. Að auki 

var tilvist sníkjudýrsins staðfest með litun á próteinum (immunohistochemistry) og erfðaefni (in situ 

hybridization) þess.  

Fyrir 2008 lá engin þekking fyrir um tilvist T.b. í íslensku vistkerfi. Tilvist sníkjudýrsins var staðfest í 

sýnum frá 10. áratug síðustu aldar og því ljóst að það var til staðar í íslensku vistkerfi löngu fyrir fyrstu 

greiningu þess. Niðurstöður benda einnig til þess að útbreiðsla sníkjudýrsins hafi mögulega aukist 

síðastliðin 15-20 ár.  

Seint á 9. áratug síðustu aldar fór að bera á hnignun bleikjustofna á Íslandi og á sama tíma hækkaði 

vatnshiti nægilega til að forsendur sköpuðust fyrir sníkjudýrið að valda PKD nýrnasýki. Sterkar 

vísbendingar eru fyrir því að sýkin sé áhrifavaldur í hnignun bleikju á Íslandi. 

Framgangur smits og sjúkdóms var kannaður í tveimur hlýrri vötnum (Elliðavatni og Vífilsstaðavatni) 

og í einu kaldara vatni (Úlfljótsvatni) sumarið 2015. Þetta sumar var kalt samanborið við sumrin 2009-

2012, þegar mikið bar á PKD nýrnasýki í grunnum láglendisvötnum á Íslandi. Sumarið 2015 var hlutfall 

smitaðra fiska í hlýrri vötnunum hátt allan rannsóknartímann. Sjúkdómseinkenni voru fátíð og væg miðað 

við fyrri ár og ólíkleg til að hafa neikvæð áhrif á fiskinn. Í Úlfljótsvatni fór smittíðnin hækkandi eftir því 

sem leið á sumarið og engin sjúkdómseinkenni greindust, enda vatnið ekki líklegt til að ná nægjanlegum 

vatnshita til að fiskurinn verði sjúkur. Samband hita og uppkomu sjúkdóms virðist því sterkt. 

Hingað til hefur ekki tekist að sýna fram á að evrópski stofn T.b. geti lokið sínum lífsferli í bleikju. Þar 

af leiðandi hefur oft verið talið að bleikja sé ekki eiginlegur hýsill fyrir sníkjudýrið. Með litun á erfðaefni 

sníkjudýrsins á vefjasneiðum úr nýrum bleikju, veiddri á Íslandi, var grómyndun sníkjudýrsins staðfest í 

nýrnapíplum í íslenskri bleikju sem bendir sterklega til þess að bleikja sé virkur hýsill í lífsferli T.b. 
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Abstract 

Proliferative kidney disease (PKD) is a serious disease of salmonids caused by a myxozoan parasite, 

Tetracapsuloides bryosalmonae (T.b.). PKD is temperature dependent and only develops when water 

temperature exceeds approximately 12-14°C for several weeks. If these criteria are reached the disease 

causes extensive renal swelling and can cause heavy mortalities in affected fish. If not, the parasite 

infects the fish without clinical symptoms developing. The parasite has a complex life cycle where its 

alternate hosts are freshwater bryozoans. The disease was first identified in Iceland in Lake Elliðavatn 

in 2008. Since then, studies on the geographic distribution of T.b. and the effect of the disease on wild 

populations of salmonids in Iceland have been ongoing. The main objective of this study was to increase 

our knowledge of the distribution and prevalence of T.b. in Icelandic fresh water and its effects on 

salmonid population in Iceland, especially contextually to rising temperature in Iceland.  

The results are based on statistical-, histological- and molecular methods. A diagnostic PCR and 

histological slides were used to screen for the parasite. Three staining methods were used, a general 

HE staining (haematoxylin and eosin), immunohistochemistry and in situ hybridization.  

The causative agent of PKD, T.b., had not been found in Iceland prior to the first identification of the 

disease. In the present study, the parasite was observed in kidney samples from the 1990s of Arctic 

charr and brown trout, which confirms the existence of the parasite long before its first finding. However, 

compared to more recent studies, it seems that its distribution has increased over the last two decades.  

Paralleled with increasing water temperature in Lake Elliðavatn, over the last decades, populations 

of Arctic charr have severely declined. Environmental conditions (temperature) for the disease to 

emerge have presumably been present since the 1990s. Rising temperatures in Lake Elliðavatn have 

been considered to be the most likely direct factor in the decline of Arctic charr in the lake but given 

these results; PKD is also a likely factor as a consequence of this temperature increase.  

Salmonid populations in three lakes in Iceland, two warmer (Lake Elliðavatn and Vífilsstaðvatn) and 

one colder (Lake Úlfljótsvatn), were followed during the summer of 2015 with regard to the prevalence 

of T.b. infections and clinical symptoms of the disease. The temperature from May to October 2015 was 

considerably lower in the first two lakes than in the high peak of PKD (2009-2012) and consequently the 

prevalence of clinical signs of PKD was low, the symptoms mild and not likely to negatively affect the 

fish. The proportion of Arctic charr compared to brown trout in the two warmer lakes appears to be 

increasing compared to 2004-2012. In the colder lake, Lake Úlfljótsvatn, the prevalence of infection 

gradually increased during the summer, indicating the release of spores from bryozoans to be later in 

Lake Úlfljótsvatn than the two warmer lakes. As expected, no clinical signs were detected in the lake 

during the research period. The temperature of the lake is not likely to reach 12-14°C long enough for 

the parasite to cause clinical symptoms.  

According to recent results, the Icelandic T.b. strain is identical to the European one. Arctic charr 

has been considered to be a dead-end-host for this strain as sporogonic stages of the parasite have 

never been observed. By using in situ hybridization, which stains the DNA of the parasite, sporogonic 

forms of T.b. inside kidney tubules of Arctic charr were confirmed. Hence, it seems that Arctic charr in 

Iceland is an active host in the life cycle of T.b.   
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1 Introduction 

1.1 The Icelandic fresh water fauna and environment 

Iceland is a relatively large island (approximately 103.000 km2) situated in the middle of the North 

Atlantic Ocean at latitudes and longitudes between 64-66°N and 13-23°W, respectively. Around 290 km 

east of Iceland is Greenland and 970 km west of it is Norway. Being an island, it is completely isolated 

from other landmasses. Despite its size, the overall Icelandic freshwater vertebrate and nonparasitic 

invertebrate fauna is species-poor compared to other European countries. During the last ice age, which 

is thought to have ended some 10 thousand years ago, most of the fauna of Iceland, and the northern 

part of Europe and North America, were depleted. Consequently, the species representing the present 

fauna have colonized these areas the last 10 thousand years. While recolonization of northern European 

and North American areas along rivers and coastal areas from further south has been effective, the re-

colonization of Iceland has been greatly hampered by its geographical location.  The only fish species 

able to colonize Icelandic freshwater were ana- and catadromous species. Hence, the main reason for 

poor biodiversity in Icelandic freshwater of both invertebrates (including parasites) and vertebrates 

reflects its geographical isolation and the short time span available for a recolonization (Ministry for the 

Enviroment, 2001). 

 

1.1.1 Species of freshwater fish in Iceland 

Salmonids belong to the subfamily Salmoninae and contain seven genera, Salvelinus, Salmo, 

Oncorhynchus, Brachmystax, Acantholingua, Salmothymus and Hucho (Helfman et al., 2009). 

However, only fish species of the first two genera are native in Icelandic freshwater, Arctic charr 

(Salvelinus alpinus L.), brown trout (Salmo trutta L.) and Atlantic salmon (Salmo salar L.). Other fish 

species inhabiting Icelandic freshwater are three-spined stickleback (Gasterosteus aculeatus L.), 

European eel (Anguilla anguilla L.) and European flounder (Platichthys flesus L.), which recently 

colonized freshwater in Iceland (O'Farrell, 2012). Furthermore, rainbow trout eggs (Oncorhynchus 

mykiss Walbaum, 1792) were imported to Iceland in 1950 for farming. Presently, they inhabit a few 

places in the wild, mostly landlocked lakes where they have been released for angling purposes.  

However, no indications suggest their successful spawning in Icelandic fresh water (Jónsson, 2013). 

 

1.1.2 Parasites of freshwater fish in Iceland 

Fish parasites are a common and diverse group of animals which, in the field of ichthyoparasitology, are 

generally divided into microparasites and macroparasites depending on their size, life cycle and habitat. 

The biodiversity of parasites depends on many aspects, such as their surroundings and the diversity 

and abundance of suitable hosts (Lom & Dyková, 1992; Williams & Jones, 1994). Many parasite species 

require an intermediate host, most frequently invertebrates, to complete their life cycle. Furthermore, 

interaction between fish species is often a vital part of a parasites’ life cycle. One fish species is often a 

paratenic or an intermediate host for a parasite that has a different fish species as a final or definite host 

(Woo, 2006). 
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Studies on parasites in freshwater fish in Iceland were limited until the 1980s (Kristmundsson & 

Richter, 2009). The first systematic studies on parasites of freshwater fish in Iceland were made in 1981-

2 (Richter, 1981, 1982a, 1982b, 1982c) and since then some number of studies have been published 

(Kristmundsson & Helgason, 2007; Kristmundsson & Richter, 2009; Richter, 2003). As relatively few fish 

species inhabit Icelandic freshwater, it can be assumed that the parasite fauna in Icelandic fresh water 

fish is limited compared to most other countries.  

 

1.1.3 Climate in Iceland 

Global climate changes are unequivocal. The mean temperature has been rising over the last centuries 

and especially during the last 30 years (IPCC, 2013). Iceland has also been affected, where the 

temperature has been rising since first reliable thermometry began continuously in 1830, and more 

significantly so since 2003 (Björnsson et al., 2008; Jónsson & Garðarsson, 2001). 

These climate changes are thought to have various effects, both direct and indirect, on Icelandic 

ecosystems and on both flora and fauna. In some cases, these changes have increased the biodiversity 

but negative aspects have also followed increasing temperature. An example of this is a high Arctic bird 

species, the little auk (Alle alle). The auk bred in Iceland until 1995 and its disappearance is connected 

to rising temperature (Björnsson et al., 2008). Another example is the decline of Arctic charr populations 

in various lakes in Iceland, e.g. Lake Elliðavatn. From 1974-1984 the ratio of Arctic charr among 

salmonid species caught in the lake ranged from 55-85%. This ratio was down to 3-23% in 1996-2006 

and continued to decline while brown trout maintained its population (Malmquist et al., 2009). Without 

excluding other variables entirely, the increasing temperature has been considered an important factor 

in the decline of Arctic charr in Lake Elliðavatn (Malmquist et al., 2009). Similar changes have been 

observed in other lakes in Iceland such as Lake Vífilsstaðavatn (Bjarnadottir, 2007). 

 

1.2 Salmonid species studied 

1.2.1 Arctic charr 

Arctic charr (Salvelinus alpinus L.) is a cold-water salmonid fish with a circumpolar distribution (Jónsson 

& Pálsson, 2013). Of all freshwater fish species in the world Arctic charr is found at the northernmost 

latitude, 80N°, in Lake Hazen on Ellesmere Island in Canada (Helfman et al., 2009). Arctic charr breeds 

in freshwater but can either spend its whole life in fresh water (resident or land-locked) or be anadromous 

and migrate to sea during spring, spending the summer in marine waters.  It is the only species of the 

genus Salvelinus in Iceland and has a distinctive morphological characteristic which distinguishes it from 

brown trout and Atlantic salmon, such as smaller head and a smooth lateral line. Mature Arctic charr is 

usually dark on its dorsal side, silver on its lateral side and light on its ventral side. When it gets close 

to sexual maturity, the light colour on the ventral side reddens. Common length for mature Arctic charr 

is around 40 cm though it can get much larger, the largest one reported from Iceland being 87.5 cm and 

10 kg, caught in Lake Skorradalsvatn in 1985.  
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Anadromous Arctic charr prefers coastal areas and estuaries, during its marine period. In August 

and September it migrates to the home river or lake where spawning of the mature fish takes place till 

December (Jónsson & Pálsson, 2013). While the sexually mature fish migrate to their hatching area for 

spawning, the immature fish commonly go to the nearest river. Like all other salmonids the Arctic charr 

is oviparous. Females lay their eggs in rocky gravel bottoms, where the eggs get shelter, followed by 

males which release their sperm in the same area to fertilize the eggs (Guðbergsson & Antonssson, 

1996). It takes around 6-8 months (depending on water temperature) for the eggs to develop, and in 

March and the following months, the eggs hatch.  The juveniles grow up in the river for the next 2-5 

years and subsequently they migrate down to sea for feeding during the summer time (Jónsson & 

Pálsson, 2013).  

Resident or land-locked Arctic charr, stay in their home lake or river for the entire life span. This is 

more common in southern Iceland although this can be found around the country. This is not necessarily 

connected to latitude or accessibility to sea, but possibly caused by some environmental conditions that 

are not fully understood (Guðbergsson & Antonsson, 1996). Land-locked Arctic charr spawn in shallow 

areas of lakes or surrounding rivers and are present in majority of lakes in Iceland. They prefer colder 

lakes, both deep and shallow, and can be found in lakes up to 700 meters above sea level (m.a.s.l.) 

(Jónsson & Pálsson, 2013). The size of the mature land-locked Arctic charr varies considerably between 

different populations. In colder lakes, with less food supply, they can reach sexual maturity at lengths 

between 7-12 cm while in some richer and warmer lakes they can get 50-60 cm long before reaching 

maturity (Guðbergsson & Antonsson, 1996). 

Arctic charr are resilient fish and well adapted to their environment. They are known to utilize a variety 

of food sources, based on availability and competition from other species. In a study from 1974-76 in 

Lake Elliðavatn, seasonal changes in the diet of Arctic charr were found to be much more variable than 

the diet of brown trout. While the brown trout was primarily piscivorous the Arctic charr preferred 

invertebrates (Björnsson, 2001). In general, Arctic charr feeds on various organisms, such as molluscs, 

crustaceans, insect pupa and larvae (Diptera, Tricopthera), spawns and fingerlings (Jónsson & Pálsson, 

2013).  

Arctic charr are known for adapting to their environment and in a number of Scandinavian lakes 

different morphs have developed over time (Helfman et al., 2009). Morphologically, the Arctic charr are 

immensely diverse, even within the same lake (e.g. Lake Þingvallavatn). The number of different morphs 

of Arctic charr is so numerous that a term known as “The charr problem” has been used in that respect. 

Johnson mentioned the charr problem in 1980 but evidence of the diversity of the Arctic charr goes back 

hundreds of years (Klemetsen, 2010). In a letter in 1665, Sir Daniel Fleming described a fish similar to 

charr, but with a different breeding time. That is probably one of the first descriptions of the existence of 

different Arctic charr morphs (Frost, 1965 cited by Klemetsen, 2010). Many examples of sympatric Arctic 

charr morphs are known, some of which are proving to be crucial in the understanding of ecological 

speciation in contemporary research in general. One of these examples is Arctic charr in Lake 

Þingvallavatn in Iceland, where four different but sympatric morphs of Arctic charr exist (Klemetsen, 

2010) which differ anatomically, behaviourally and ecologically (Helfman et al., 2009). 
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Because of the Arctic charr’s extraordinary adaption capability, it shows extreme diversity with 

regards to life history. In Klemetsen (2010), the diversity of the Arctic charr is described as; “The diversity 

is so large that it can be asked if the Arctic charr is the most variable of all vertebrates; in range, in size 

at maturity, in phenotype (colour, form), in behaviour, in ecology, and in life history”. 

 

1.2.2 Brown trout 

Brown trout (Salmo trutta L.) is widely distributed around Europe. Compared to the Arctic charr, it has a 

much broader distribution which extends further south. In Iceland, brown trout is very common and found 

all over the country. The size of brown trout is commonly similar to Arctic charr, the mean length of an 

adult fish being around 40-45 cm, although they can grow up to 100 cm. Its colour varies considerably, 

mainly depending on its age or stage of maturity but also their environment. In general, it is darker on 

its dorsal side, has a bright ventral side and black spots scattered over its body, which is helpful in 

distinguishing it from other salmonid species (Jónsson & Pálsson, 2013).  

As for Arctic charr, the life cycle of brown trout varies between different populations. It can be either 

land-locked or anadromous. The land-locked trout spends its whole life in freshwater while the 

anadromous one migrates annually to the sea in the springtime for feeding, but returns back to fresh 

water in autumn or late summer where it stays during the winter months (Jónsson & Pálsson, 2013). 

In general, the first years of both land-locked and anadromous brown trout are similar. Like Arctic 

charr they are oviparous, spawn in the autumn and for a successful breeding they lay their eggs in gravel 

redds in oxygen rich, running freshwater, most commonly a river or a brook. The eggs hatch in the 

springtime and the juveniles spend their first 2-3 years in their home river. Subsequently, the landlocked 

trout commonly travels to the nearest lake where it stays until it is mature, which is usually at the age of 

4-6 years, when it travels back to its home river to breed. However, the anadromous trout migrates to 

the sea for feeding, after spending its first years in the river.  In late summer or autumn, mature or not, 

it returns to its river and stays there until springtime, when it migrates to the sea again (Guðbergsson & 

Antonsson, 1996). 

Brown trout is piscivorous, it favours small fish but also feeds on invertebrates (Jónsson & Pálsson, 

2013). 

 

1.3 The lakes studied 

1.3.1 Lake Elliðavatn 

Lake Elliðavatn is situated at 75 m.a.s.l. within the urban district of Reykjavik, the capital city of Iceland 

(Malmquist et al., 2009). It has two inflowing rivers, River Suðurá and River Hólmsá, and one outflowing 

river, River Elliðaár. In 1924 a dam was built in the outflowing river, which resulted in a one meter rise 

in the lake´s surface. Despite this, Lake Elliðavatn is shallow with a mean depth 1.02 meters and surface 

area around 2.02 km2; 30% of the lake is around 0.6-0.8 meters deep but most of it corresponds to the 

area that went under water when the dam was built. Only 2% of the lake reaches two meters or more in 
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depth.  The sediment of the lake varies between the „old“ and „new“ lake, i.e. before and after the dam, 

respectively. The original “old” lake has a thick layer of fine grained sediments. Prior to the building of 

the dam, the area which now makes up the bottom of the “new” lake consisted mainly of old meadows 

and lava fields. Presently, this area (present bottom) of the lake consists of thin layers of soil, sand and 

clay or extremely firm peat (Harðardóttir et al., 2002). 

Five fish species inhabit Lake Elliðavatn; Arctic charr, brown trout, Atlantic salmon, eel and three 

spined stickleback (Antonsson et al., 2007). 

Arctic charr and brown trout are the dominant species in the lake and spawn within the lake and its 

in- and outflowing rivers. Both species become sexually mature around 4-5 years and usually do not get 

older than 6-8 years (Antonsson & Guðbergsson, 2000). 

Lake Elliðavatn has been extensively studied during the past decades, both in terms of its biological 

and hydrological characteristics (Björnsson, 2001; Harðardóttir et al., 2002; Kristmundsson et al., 2010; 

Kristmundsson & Richter, 2009; Malmquist et al., 2009). The last 2-3 decades, the Institute of 

Freshwater Fisheries in Iceland, have monitored the fish stocks in the lake´s catchment area. Such long 

term data are important, but scarce in Iceland, and a good basis for present and future studies 

(Antonsson & Árnason, 2011; Antonsson & Guðbergsson, 2000). Studies of benthic invertebrates and 

vegetation are vital in understanding the ecosystem in the lake. There is a shortage of continuous data 

regarding these organisms in the lake (Malmquist & Gíslason, 2007), but some extensive studies are 

available from 1975-1976, 1993 and 2002-2003 (Haraldsson, 2004; Malmquist et al., 2004; Malmquist 

et al., 2003).  

 

1.3.2 Lake Vífilsstaðavatn 

Lake Vífilsstaðavatn is situated 38 m.a.s.l. close to the urban area of Garðabær. Its surface area is 0.27 

km2 and its mean depth 0.5 m. The lake is fed by small brooks and spring water which are located in 

the southeast area of the lake. A small brook, Vífilsstaðalækur (Hraunholtslækur), runs from the lake, 3 

km to sea (Þórðarson, 2009). Considering Icelandic lakes in general, Lake Vífilsstaðavatn is very rich in 

both fauna and flora, which makes up a desirable ecosystem for fish. According to a report from 1998, 

the benthic invertebrate fauna of the lake is one of the richest fauna in Iceland with 380 thousands 

invertebrates per square meter (Jónsson, 1998). Since 1980, some studies have been performed in 

Lake Vífilsstaðavatn and several reports exist presenting the data from these studies (Jónsson, 1998; 

Kristjánsson, 1987; Þórðarson, 2009, Kristmundsson & Magnúsdóttir, 2015). Some of these data 

originate from a vast research of 60 lakes in Iceland where many parameters were examined.  

Four fish species inhabit Lake Vífilsstaðavatn; Arctic charr, brown trout, eel  and three spined 

stickleback (Antonsson et al., 2007). 

 

1.3.3 Lake Úlfljótsvatn 

Lake Úlfljótsvatn is connected to Lake Þingvallavatn, one of the largest lakes in Iceland, and located in 

Southwest Iceland at 81 m.a.s.l.  The lake´s surface area is around 10.36 km2, its mean depth around 

4.7 m and maximum depth close to 35 m. Inflowing water of the lake comes from Lake Þingvallavatn 
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through the river Efra-Sog and other smaller rivers. Its outflowing water goes through the hydroelectric 

power station „Ljósafossvirkjun“ into the River Sog (Jóhannsson & Guðbergsson, 1999).  

The power station, which was built in 1937, changed the lake considerably. For example, the surface 

rose approximately one meter which significantly increased its tide and surface area. Prior to the dam 

the lake was popular for fishing both Arctic charr and brown trout (Jóhannsson et al., 1993). Three 

spined stickleback also inhabits the lake (Jóhannsson & Guðbergsson, 1999). Early in the 20th century 

the brown trout population in the lake was strong (Jóhannsson et al., 1993) but significantly reduced the 

following decades. According to research done by the Institute of Freshwater Fisheries in 1992-1999, 

only 4 brown trout were caught compared to 3.812 Arctic charr. A likely cause for this is thought to be 

less food supply and a permanent change in the surface area (Jóhannsson & Guðbergsson, 1999).  The 

last 10 years or so, the population in the lake has recovered significantly (Sturlaugsson, 2011). 

 

1.3.4 Other lakes studied 

Lake Mjóavatn is situated in Auðkúluheiði (430-450 m.a.s.l.) in the northern part of Iceland. It size is 2.5 

km2 and mean depth around one meter. The only salmonid species is Arctic charr which can live up to 

9-10 years and appear to spawn repeatedly (Gudbergsson & Antonsson, 1997). 

 Lake Hraunvatn is a shallow lake located in Northern Iceland, in the heath Skagaheiði on the “Skagi” 

peninsula around 40 m.a.s.l. It has an area of approximately 0.6 km2 and a mean depth less than one 

meter. The lake is inhabited by Arctic charr and stickleback (Árni Kristmundsson, personal 

communication). 

 Lake Hlíðarvatn is 3.32 km2 in size and a mean depth around 2.9 meters. It is situated in Southwest 

Iceland close to the sea, one m.a.s.l., on the “Reykjanes” peninsula. Resident Arctic charr, stickleback 

and eel inhabit the lake but there is also a chance to catch anadromous charr, Atlantic salmon, 

anadromous brown trout (Gudbergsson, 1997) and recently European flounder (Jóhannsson & Jónsson, 

2007). 

 

1.4 Bryozoa 

1.4.1 Phylum Bryozoa 

Phylum Bryozoa represents a diverse group of aquatic invertebrates which share many common 

characteristics. To date, around 8000 species belonging to two classes, Phylactolaemata and 

Gymnolaemata, are known. The former class consists exclusively of freshwater species while the latter 

makes up the great majority of known bryozoan species and, with few exceptions, almost exclusively 

inhabit marine waters (Ruppert et al., 2004). Bryozoans, sometimes called “moss animals”, are benthic, 

suspension-feeding invertebrates (Wood & Okamura, 2005) which form colonies that are composed of 

large numbers of tiny identical individuals, termed zooids, which have many animal characteristics and 

functions. This major taxon of animals often goes unnoticed or is mistaken for organisms such as moss 

and seaweed, due to a similar appearance. They feed by lophophores which encircles their mouth, have 

a U-shaped gut and the anus is located close by the mouth (Figure 1) (Ruppert et al., 2004). 
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The last 20 years, freshwater bryozoans have been extensively studied abroad due to their role in 

the life cycle of a serious myxozoan pathogen, Tetracapsuloides bryosalmonae (T.b.), which infects 

salmonid fishes (Wood & Okamura, 2005). As this pathogen is the topic of this study, it is proper to focus 

mainly on the freshwater species. 

 

1.4.2 Freshwater bryozoans 

Freshwater bryozoan species (Class Phylactolaemata) consist of six genera; Fredericella, Plumatella, 

Pectinatella, Lophopus, Lophopodella and Cristatella (Ruppert et al., 2004), which together make up at 

least 90 species which is only a fraction of  globally known bryozoans. Of those, 25 have been found in 

European waters (Massard & Geimer, 2008). Freshwater bryozoans differ from the marine ones in many 

ways. As an example many marine bryozoans have calcareous exoskeleton and polymorphic colonies 

while the ones inhabiting freshwater have an uncalcified body and monomorphic colonies. Freshwater 

bryozoans usually have a horseshoe-shaped lophophore (except Fredericella) while it is circular in the 

marine ones (Ruppert et al., 2004).  

As said above, bryozoans form colonies of modular units called zooids. Each zooid, which is around 

0.5 mm in length, has both a coelom and internal transport system despite its small size. A transport 

system connects their otherwise isolated zooids and enables the zooids to communicate. The zooids 

themselves are not considered to be an individual but rather the whole colony. Colonies of freshwater 

bryozoans are only made of autozooids, the typical feeding zooids, and they are therefore monomorpic 

(Ruppert et al., 2004). A general anatomy of a freshwater bryozoan is shown in Figure 1. 

Bryozoans can be ubiquitous and make up a considerable biomass of a freshwater ecosystem, even 

though they are often over-looked by people. They are found both in running- and still-water where they 

attach themselves to all kinds of substrata, both natural and artificial. They prefer places where they are 

protected from sedimentation but also shadowed places to reduce the risks of being overgrown by algae. 

They feed on detritus and invertebrates, for example rotifers and protozoans (Ricciardi & Reiswig, 1994). 

A tissue cord, the funiculus, distributes nutrient throughout the colony (Ruppert et al., 2004).  

 



  

21 

 

Figure 1. Schematic drawing of main features of a single autozooid (Bryozoa).  
The drawing is based on Figure 25-17 in Ruppert et al. (2004). The zooid is protected from its 
environment with an exoskeleton, called the zooecium. The mouth, surrounded by a lophophore (with 
8-30 tentacles) is situated on the introvert at the anterior end of the zooid. A U-shaped gut is located in 
the metacoel with the funiculus linking the gut and the body wall together. The anus is close to the 
mouth on the anterior end of the bryozoan. The reproductive organs are located on the body wall or on 
the funiculus. When in feeding position, the introvert, which holds the lophophore, is extended above 
the zooecium. The retractor muscle then pulls the lophophore below the zooecium between feeding 
(Ruppert et al., 2004). 

 

All freshwater bryozoans are hermaphroditic where both external and internal fertilization is known 

(Ruppert et al., 2004) with a possibility of self-fertilization (Wood & Okamura, 2005). Zooids commonly 

fertilize another zooid which is a part of the same colony but cross-fertilization also occurs to ensure 

outbreeding (Ruppert et al., 2004). In some freshwater species, for example in Cristatella mucedo, only 

a low portion of the population use sexual reproduction and the sexual phase may even  be absent in 

some years (Wood & Okamura, 2005). After fertilization the forming of a colony begins with the settled 

larva, known as the ancestrula. A colony, which derives from a single ancestrula, is comprised of 

sometimes thousands of asexual descendants, which form the colony by budding (Ruppert et al., 2004).  

In addition to sexual reproduction and budding they also reproduce clonally with statoblasts. 

Statoblasts develop on the funiculus where they get nutrients. When fully mature, they are dish shaped 



  

22 

and contain nutritional reserves. Statoblasts vary considerably between species of bryozoans. Some 

species produce statoblasts which adhere to the parent colony or fall to the bottom (sessoblasts) while 

others produce statoblasts which contain gas-filled spaces and float (floatoblasts). Some species of 

bryozoans can produce both kinds (for example Plumatella repens). This reproduction is generally quite 

extensive and probably the most effective one, where a single colony can produce hundreds or 

thousands of statoblasts. The statoblasts resemble plant seeds in many ways. They can survive all kinds 

of environmental condition such as drought, cold, desiccation and freezing by remaining dormant until 

favourable conditions arise. When these conditions emerge, the statoblasts open and a zooid develops 

from the internal mass of cells (Ruppert et al., 2004). With budding, this internal mass of cells eventually 

forms a whole colony. Because of their ability to survive various environmental conditions they can 

spread over long distances, for example by birds, floating, plants, currents and fishing gear (Okamura 

et al., 2015). 

 

1.4.3 Bryozoans and T.b. 

Despite their wide distribution and abundance the bryozoans were, until recently, rather poorly studied. 

The interest in bryozoans rose when recent discoveries confirmed their relationship to T.b., a myxozoan 

parasite which is the causative agent for proliferative kidney disease (PKD), and an economically 

important disease of salmonids (Wood & Okamura, 2005). PKD has been a problem, especially in 

aquaculture, for a long time. The causative agent became known in 1985 (Kent & Hedrick, 1985) and in 

the following decade there were speculations about which other factors influenced the development of 

this myxozoan (Hedrick et al., 1993). In 1996 first reports that bryozoans served as an alternative hosts 

for T.b. were published (Canning et al., 1996; Okamura, 1996). In the following years, myxozoans were 

detected in the body cavity of numerous species of bryozoans, for example Cristatella mucedo, 

Plumatella rugosa and Fredericella sultana. To date, two genera of freshwater bryozoan, i.e. Plumatella 

and Fredericella, are generally considered to be the most important invertebrate hosts for the parasite 

(Anderson et al., 1999; Okamura & Wood, 2002). 

 

1.4.4 Freshwater bryozoans in Iceland 

Studies of bryozoans in Iceland are limited. First reports of bryozoans in Iceland date back to 1928, in 

an unknown lake close to the capital city, Reykjavík (Remy, 1928). Reports of bryozoans in Iceland in 

20th century are scarce. In 1981, a study on bryozoans was performed in Lake Urriðakotsvatn in 

Hafnarfjörður, close to Reykjavík. According to this study five species of bryozoans had been reported 

in Iceland, Fredericella sultana, Hyalinella punctata, Plumatella fungosa, P. repens  and Cristatella 

mucedo (Steingrimsson, 1985). Following the first report of PKD in Iceland in 2008, inquiries were made 

about bryozoans in various Icelandic lakes and in the summer of 2012 a systematic study on the 

presence and diversity of bryozoans in two lakes, Lake Vífilsstaðavatn and Lake Hafravatn, was 

performed. Furthermore, 12 additional lakes and 8 rivers were also examined for bryozoans. Four 

species of bryozoans were found in this study, P. repens, P. fungosa, F. sultana, C. mucedo and at least 
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one species was present in all 14 lakes and 8 rivers examined, the most common ones being F. sultana 

and P. repens (Kristmundsson & Magnúsdóttir, 2015). According to Kristmundsson & Magnusdottir 

(2015) P. repens and F. sultana appear to be common in lakes and rivers in Iceland, which is 

commensurable to bryozoans in Europe and interesting in the context of these species being the most 

important hosts for T. b. (Anderson et al., 1999; Okamura & Wood, 2002). Hence, with regards to 

bryozoans there seems to be a good basis for T.b. in Icelandic fresh water. 

 

1.5 Myxozoa 

1.5.1 Myxozoa Grassé, 1970 (unranked subphylum) 

Myxozoans are a diverse group of metazoan endoparasites. The first myxozoan species was reported 

by Jurine in 1825, but currently this group consists of more than 2.200 nominal species belonging to 64 

genera and 17 families. With rising number of species, the taxonomy changed which resulted in different 

classification systems during the 20th decade (Okamura et al., 2015). The taxonomy of myxozoans has 

therefore long been a debate, and remains so. For decades they were classified as protozoans. 

However, to date they are generally accepted as being multicellular organisms and classified as 

cnidarians (Siddall et al., 1995). Their main hosts are teleost fishes and invertebrates in both marine 

and fresh water. However, they have also been found in elasmobranchs (Arthur & Lom, 1985; Heupel 

& Bennett, 1996; Stoffregen & Anderson, 1990), amphibians, reptiles, octopuses and in few cases as 

hyperparasites infecting digeneans and monogeneans (Freeman & Shinn, 2011; Yokoyama & Masuda, 

2001). The host range varies considerably between species, some are host-specific while others are 

non-specific and infect variety of different hosts (Okamura et al., 2015; Woo, 2006). 

Myxozoans exhibit an enormous variety with regards to spore morphology, modes of development 

and infections, tissue tropism and host specificity. They are either histozoic, i.e. within host tissues 

(intracellular, intercellular or epicellular) or coelozoic, found in body cavities such as gall bladder or 

urinary bladder. Myxozoans are spore-forming parasites and can infect most organs of its fish host. After 

host invasion, an asexual replication occurs, called the pre-sporogonic phase, which typically involves 

a development within plasmodia or pseudoplasmodia. Species which form large plasmodia with 

numerous spores are termed polysporous while those which form a pseudoplasmodia with one or two 

spores are termed mono- or disporous (Woo, 2006). Typically, both pre-sporogonic and sporogonic 

phases occur at the same site. However, in some cases they occur at separate ones, e.g. species of 

Class Malacosporea, such as T.b. In that case the pre-sporogonic stages are called extrasporogonic 

proliferative stages (Lom & Dyková, 2006; Okamura et al., 2015). 

The typical myxozoan life cycle involves two aquatic hosts; an invertebrate definitive host and a 

vertebrate intermediate host. In the fish the spores are called myxospores but referred to as 

actinospores within the invertebrates. Before 1984, the myxospores and actionospores were generally 

acknowledged as two different groups of organisms belonging to separate classes, Myxosporea and 

Actinosporea, respectively (Okamura et al., 2015). At this time, the myxosporeans were believed to have 

a horizontal transmission, i.e. from fish to fish, but not until the spores had grown old in sediments (Woo, 
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2006). With knowledge of these groups being morphologically distinct phases of single species (Wolf & 

Markiw, 1984), the classifications was changed and eventually the class of Actinosporea was 

suppressed by Kent et al. in 1996 (Kent et al., 1996). In the year 2000 more modifications were made 

when Canning et al. (2000) published an article representing a new class and order of myxozoans to 

accommodate the genera Buddenbrockia and Tetracapsuloides. 

Following an expansion in aquaculture, the enthusiasm for studies on myxozoan parasites increased 

due to diseases caused by myxozoans, which in some cases have great economic consequences (Woo, 

2006). To date the myxozoans are ranked within the phylum Cnidaria, in an unranked subphylum of 

Myxozoa. Two classes are acknowledged, Malacosporea and Myxosporea. Each class is discussed in 

more details below. 

 

1.5.2 Class Myxosporea 

Myxosporea is a diverse class comprising 16 families and 62 genera with thousands of species 

(Okamura et al., 2015). Some of them are economically important due to their pathological effect on the 

host (Lom & Dyková, 1992; Woo, 2006) or spoilage of fish products (Kristmundsson & Freeman, 2014). 

Although a direct transmission between fishes is known, the myxosporeans generally exhibit a two host 

life cycle, i.e. a vertebrate host, usually fish, and an annelid host. Inside the annelids the parasite typically 

develops within the intestinal epithelium while it can infect most organs of its fish host. The multicellular 

spore is characterized by the polar capsules and the infective sporoplasm which are enclosed with 2-12 

valve cells.  The number of polar capsules ranges from 1-13 in a single spore. Inside the polar capsules 

are extrudable polar filaments, which attach to host tissues to aid in opening the spore valves and the 

subsequent release of the infective sporoplasm. A common size of a myxozoan spore is around 10-20 

µm and consequently impossible to detect with naked eye. However, the cysts/plasmodia, which are 

filled with spores, can in some cases be seen macroscopically (Lom & Dyková, 1992). With one 

exception, all known actinospores stages released from the annelid are tri-radiate, i.e. with three or six 

spore valves and with less polar filaments compared to fish myxospores. Myxosporeans can infect most 

organs of the fish host, the infections are long-lasting and it is a possibility they last for the lifetime of the 

host (Woo, 2006).  

 

1.5.3 Class Malacosporea 

Unlike the myxosporeans, the Class Malacosporea is currently species poor, with merely one order, 

Malacovalvulida, and one family, Saccosporidae, two genera, Buddenbrockia and Tetracapsuloides and 

less than 10 species. Of those, the causative agent of proliferative kidney disease (PKD), T.b., is by far 

the most studied and best known of these species. Furthermore, it is the only member of the 

malacosporeans which complete life cycle is fully known (Dsilva et al., 1984; Ferguson & Ball, 1979; 

Tops et al., 2004), i.e. salmonid fish as intermediate hosts (Grabner & El-Matbouli, 2008; Morris & 

Adams, 2006b) and bryozoans (Phylactolaemata) as definitive hosts. Other species of the class are less 

studied and their life cycle remains unknown (Okamura et al., 2015). Evidence of cyprinid and perciform 
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fish to be hosts for other malacosporeans are increasing (Bartosova-Sojkova et al., 2014; Grabner & El-

Matbouli, 2010a). There have been some attempts to screen a wide range of candidates for other 

invertebrate host than bryozoans but without any success (Okamura et al., 2015). 

The development of malacosporeans includes formation of either sacs (T.b. and Buddenbrockia 

allmani) or worm-like stages (Buddenbrockia plumatellae) in the body cavity of bryozoans. These sacs 

or “worms” become filled with infectious spores which are released to the environment when they are 

fully developed where they subsequently infect their salmonid host (Okamura et al., 2015). 

 

1.6 Proliferative kidney disease (PKD) and its causative agent 

1.6.1 History of PKD 

In 1924, Phlen wrote about the causative agent of “amöbeninfektion der niere” (i.e. amoeba infection in 

the kidney) in salmonid fish. Consequently,  PKD (termed PKX at the time) was for a long time thought 

to be caused by an amoeba infection (Plehn, 1924, cited by Hedrick et al., 1993). This idea was kept 

alive when traces of amoeba from fish with PKD was isolated. Later, Ferguson & Needham (1978) 

published a thorough description of the relationship between proliferative kidney disease and an amoeba 

parasite. However, shortly after, this was disproved, when the amoeba turned out to be contamination 

and unrelated to PKX (Ghittino et al., 1980, cited by Hedrick et al., 1993). The amoebic stages described 

by Phlen (1924) have most likely been developmental stages of T.b. (Hedrick et al., 1993). 

Following a breakthrough in the world of Myxozoa, where their complex life cycle was resolved (Wolf 

& Markiw, 1984), sporogonic forms of PKX were observed with more certainty in association with PKD 

and the malacosporean species, T.b., confirmed as the causative agent of PKD (Kent & Hedrick, 1985). 

Despite knowledge of the life cycle for some species of Myxozoa the alternative host for T.b. remained 

unknown for years. It was a mystery till 1996 when Canning and Okamura (1996) detected sac like 

structures floating in the body cavity of bryozoan colonies of the species Cristatella mucedo. The sacs 

proved to be filled with spores of T.b. Thereby, bryozoans were confirmed as being the invertebrate 

hosts for the parasite and the life cycle was solved (Canning et al., 1996; Okamura, 1996).  Since then 

multiple research have been done on T.b. and its hosts and is without doubt the best known 

malacosporean due to its relationship to PKD. As for other myxozoans, the life cycle of T.b. is complex 

and as said above the parasite needs two hosts to complete its life cycle with salmonids as their 

intermediate hosts and bryozoans as their definite hosts, see Figure 2 (Okamura et al., 2015; Woo, 

2006). 
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Figure 2. Life cycle of Tetracapsuloides bryosalmonae 

 

1.6.2 Life cycle of T.b. 

1.6.2.1 In the bryozoan host 

Infections of T.b. are believed to enter the bryozoans host either through the lophophore tentacle or the 

mouth (see Figure 1) (Hedrick et al., 2004; Riisgard et al., 2004). The infection can be either covert or 

overt. Covert infections can be hard to identify without PCR screening or ultrastructure. When spherical 

sacs begin to develop in the bryozoans, the infection is termed overt and become detectable with light 

microscopy and therefore easier to identify. Canning and Okamura (2004) reported that in bryozoan 

colonies, collected from the field and maintained in laboratory culture, sacs of T.b. began to develop 

within three days so the change in development, i.e. from covert to overt infection, can happen rapidly. 

Based on studies, both overt and covert infections appear to be tenacious (Hartikainen & Okamura, 

2012; Hill & Okamura, 2007; Okamura et al., 2015).  

Vertical transmission of T.b., through generations of bryozoans, is possible of both covert and overt 

stages through colony fission (Hill & Okamura, 2007) and colony fragmentation (Morris & Adams, 

2006a). The transmission could explain why infection prevalence can be very high in so called “hot 

spots” in a lake or a river. Furthermore, covert stages of the parasite can also be transmitted to the next 

generation through statoblasts (Okamura et al., 2015). The colonies which grow up from an infected 

statoblast can develop spores which are infectious to salmonids (Hartikainen et al., 2013) and a way for 

T.b. to relay both host and infection which should be practical for the parasite. Presumably,  covert 

infections of T.b. through statoblasts are also an effective mode of transmission between different water 

bodies to increase the distribution of the parasite, for example with birds and fishing gear (Okamura et 

al., 2015). 

The effects of T.b. infections on the condition of bryozoans vary between covert and overt infections. 

Covert infections are not considered to have notable effects on their morphology nor statoblast 

production (Hartikainen et al., 2013). Although overt infections do not seem to cause serious mortality 
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in bryozoans colonies  (Okamura et al., 2015), indications exist that the parasite can have impact on 

phenotypes and morphology of the bryozoans in favour of the parasite (Hartikainen et al., 2013). 

Hartikainen et al. (2013) revealed that zooids of an infected Fredericella sultana to be wider and stunted, 

which could able the zooids to bear larger sacs and therefore more infective agents. Overt infections 

have also been shown to reduce or cease the production of statoblasts (Hartikainen & Okamura, 2012; 

Hill et al., 2007; Okamura, 1996). Although statoblasts production by overtly infected hosts is possible, 

they are usually castrated or malformed with low hatching success (Hartikainen et al., 2013). It is not 

clear if infections of T.b. influence the sexual reproduction of bryozoans but examples from their closest 

relatives, myxosporeans, suggest they might do so (Okamura et al., 2015). 

 

1.6.2.2 Transmission of T.b. from bryozoans to salmonids 

When sacs of T.b. are fully developed, and ready to infect their vertebrate host (fish), they are released 

from the bryozoans. It is not completely known how the spores are released into the water but it is likely 

to be at the same exit as statoblasts are released, via the vestibular pore (Canning et al., 2002). The 

spores are spherical, with no appendages and about 19-20 µm in diameter. They have four polar 

capsules, which are within capsulogenic cells (McGurk et al., 2005), and two sporoplasms with 

secondary cells (Canning et al., 1996; Canning et al., 2002). Each spore has at least eight valve cells 

(McGurk et al., 2005) which have soft walls making them very short lived; even losing their infectivity 

within 24 hours (De Kinkelin et al., 2002). In return, they do not need much time to infect the fish 

(Longshaw et al., 2002).  

As for the release of spores from the bryozoans, there is not a complete consensus about the way 

spores of T.b. enter the fish host. It is likely to be through the gills of fish (Grabner & El-Matbouli, 2010b; 

Morris et al., 2000) even though Longshaw et al. (2002) reported stages of T.b. infecting rainbow trout 

via the skin.  

When the parasite has found its way into the fish, it enters the vascular system and travels to its 

target organs (Grabner & El-Matbouli, 2010b; Longshaw et al., 2002; Morris et al., 2000). In a study by 

Longshaw et al. (2002), cells of T.b. were detected in histological sections (in situ hybridization) in five 

different organs: gills, kidney, liver, spleen and heart. In the interstitial tissue of the kidney, different 

forms of extrasporogonic stages are found, which can cause hematopoietic hyperplasia and diffuse 

chronic inflammatory response which in some cases leads to PKD (Okamura et al., 2015). The immune 

response of the fish causes macrophages to surround the infectious parasite and lymphocytes which 

cause the swelling response that defines PKD. Later on, granulomatous stages are detectable in the 

kidney tissue (Hedrick et al., 1993). According to Longshaw et al. (2002), fish exposed to T.b. do not 

show clinical symptoms until at least 6 weeks post exposure. However, the infection of parasite does 

not take long as infectious stages could be detected by histological examination in fish which were only 

exposed to the parasite for a single minute (Longshaw et al., 2002). It is possible that fish with 

macroscopic symptoms of PKD acquires immunity, assuming it survives the disease, i.e. becomes 

resistant to reinfection and generally does not display disease symptoms (Clifton-Hadley et al., 1986; 

Ferguson & Ball, 1979; Foott & Hedrick, 1987; Woo, 2006). However, earlier studies mainly focused on 
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farmed rainbow trout (Oncorhynchus mykiss) and little is known about resistance in other fish species. 

More recent studies from Norway indicate that smolts of Atlantic salmon and brown trout can get infected 

again the following year or even carry the infection over wintertime (Eriksson-Kallio & Jøranlid, 2008, 

cited by Mo et al., 2011; Sterud et al., 2007). 

 

1.6.2.3 Transmission of T.b. from salmonids to the environment 

At certain developmental stage, the extrasporogonic stages of T.b. transfer to the kidney tubules and 

transform into a pseudoplasmodium which later develops infective spores, which subsequently exit the 

host with urine (Kent & Hedrick, 1985; Morris & Adams, 2008). As noted before the spores are soft and 

thin-walled and usually do not last more than 24 hours after being released from fish into the water (De 

Kinkelin et al., 2002). The proportion of spores that infect the bryozoans depends on environmental 

circumstances, for example the proximity and abundance of the definitive host, the bryozoans. 

Bryozoans adhere to sheltered areas in the lake or river but these areas also attract juvenile fish (Zika 

& Peter, 2002). Hence, the juvenile fish are most likely to be exposed to the infective spores (Schmidt-

Posthaus et al., 2013). 

 

1.6.3 Why go from covert to overt? 

The development of T.b. has been associated with water temperature and food levels. Overt infections 

in bryozoans tend to increase with higher temperature (Tops et al., 2006). Furthermore, the prevalence 

of infected bryozoans seems to increase with higher food levels (Hartikainen & Okamura, 2012). With 

increasing temperature and food levels, the nutritional status of the bryozoan host improves. This 

indicates that the parasite is triggered by environmental conditions which favours the host. Similarly, 

during low water temperature, the bryozoans’ condition is suboptimal. Under these circumstances, the 

T.b. infections tend to remain covert and without causing harm to the bryozoan (Okamura et al., 2015).  

The same goes for the fish host. Clinical signs of PKD in the fish do not appear to develop until the 

water temperature exceeds 12-15°C (Clifton-Hadley et al., 1986; Ferguson, 1981; Foott et al., 1987) 

and at >15°C more severe clinical signs and mortality rates are known to occur (Brown et al., 1991; 

Clifton-Hadley et al., 1984; Hedrick et al., 1993). It is not yet clear whether these responses to higher 

temperature are only because of boosted immune response of the fish, which can cause increased 

pathological effects (El-Matbouli & Hoffmann, 2002), or a possible effects of increased abundance of the 

parasite (Okamura et al., 2015). 

 

1.6.4 Strains of T.b. 

Two main strains of T.b. are acknowledged, the North-American and the European strain. In a 

phylogeographic study from 2004, some evidence for variations between these strains were revealed. 

This suggests the possibility that birds are carriers of infected statoblasts between continents and that 

T.b. existed in Europe before the expansion of aquaculture (Henderson & Okamura, 2004). Local 

adaption of the parasite is possible, for example in fish farms in Europe where the parasite has evolved 
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locally. When foreign strains of salmonids, for example rainbow trout from North America to Europe, are 

imported they can be highly susceptible to T.b. and evolving severe symptoms of PKD. However, these 

hosts can be dead-end-hosts who cannot maintain the life cycle of the parasite (Morris & Adams, 2006b). 

 

1.6.5 PKD and environmental factors 

The distribution of PKD is intensifying geographically, both in incidence and severity (Okamura et al., 

2011). Climate change, towards warmer temperature, could explain this, as higher temperature and 

eutrophication enhances bryozoan growth resulting in higher prevalence of T.b. (El-Matbouli & 

Hoffmann, 2002; Tops et al., 2009; Tops et al., 2006). Higher temperature has also been proven to 

cause earlier development and release of infecting spores from bryozoans resulting in increased 

intensity of infections (Tops et al., 2006). Recent reports of PKD from northern countries, like Iceland 

and Norway, support this. In both these cases rising temperature has been considered an important 

factor contributing to outbreaks of the disease (Kristmundsson et al., 2010; Sterud et al., 2007).  

Higher temperature not only entails increased growth of bryozoans but also enables them to survive 

the winter. The fish host could therefore presumably be exposed to infectious spores all year round, 

which presumably increases the prevalence of T.b. infections (Tops et al., 2006). This could also mean 

that the fish could develop the ability of natural immunity for T.b. which would prohibit the immune 

reaction to the parasite the following summer (Clifton-Hadley et al., 1984). These are however still 

speculations and need further examination and can hardly be attributed to Icelandic ecosystem, due to 

its cold water temperatures during winters.  

 

1.6.6 The impact of PKD on salmonids 

As mentioned above, water temperature is the primary factor influencing the development of PKD. At 

water temperatures below 12°C, the fish does generally not develop clinical signs, even though it gets 

infected (Clifton-Hadley et al., 1986; Ferguson, 1981; Foott & Hedrick, 1987). However, at water 

temperatures exceeding 12°C the parasite can cause a serious disease, proliferative kidney disease 

(PKD). The most common clinical signs of PKD are swollen and abnormally large kidneys. Other 

symptoms, for example darker skin, exophthalmia, bloody ascites and light gills, indicating anaemia, 

can also been present (Ferguson, 2006).  

PKD is widespread, both in the wild and in aquaculture, in both North-America and Europe (Canning 

& Okamura, 2004; Hedrick et al., 1993). It has caused great problems in aquaculture but less is known 

about its effects on wild populations (Clifton-Hadley et al., 1984; Hedrick et al., 1993), however, PKD 

appears to be an increasing problem in wild salmonid populations. It is for example considered a 

significant factor in the dramatic decline of population of brown trout in rivers in Switzerland (Wahli et 

al., 2007; Wahli et al., 2002). Furthermore, PKD was considered a likely cause for massive mortality of 

Atlantic salmon in Norway between 2002 and 2006 (Sterud et al., 2007) and is a possible factor of the 

decline of Arctic charr populations in Iceland (Kristmundsson et al., 2010).  
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1.6.6.1 Arctic charr and PKD 

Limited information exist on the effect of PKD on Arctic charr. In a study from 1991 Arctic charr proved 

to be highly susceptible to the disease in high water temperatures. However, no mortality was noted 

until eight weeks after the temperature had reached 12°C. The mortality rose significantly with rising 

temperature (Brown et al., 1991) which is pursuant to studies on other salmonids. The North-American 

strain of T.b. can develop infectious spores in Arctic charr but they have not been found in Arctic charr 

in territories of the European strain (Morris & Adams, 2008). Accordingly, it seems possible that Arctic 

charr is a dead-end-host in European waters. 

 

1.6.7 PKD in Iceland 

Before 2008, PKD was not known in Iceland. In October 2008, during studies on BKD (bacterial kidney 

disease) in salmonids, an Arctic charr from Lake Elliðavatn showing clinical signs resembling PKD were 

observed. Giemsa- and HE stained histological sections of samples showed forms resembling 

extrasporogonic stages of T.b. This was later confirmed with immunohistochemistry using monoclonal 

antibodies against T.b. Subsequently, in November 2008, samples were taken from Lake 

Vífilsstaðavatn, a shallow lowland lake nearby, and examined for the presence of T.b. Results from this 

sampling revealed a high prevalence of T.b. in salmonids (Kristmundsson et al., 2010). Since 2008 

studies on PKD in Iceland have continued to the present day.  
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2 Objectives 

The main objective of this study was to gain knowledge of proliferative kidney disease (PKD), a disease 

in salmonids recently discovered in Iceland, and its causative agent. The study had several sub-

objectives in which aim was to get answers to the questions listed below: 

- Is the causative agent of PKD, Tetracapsuloides bryosalmonae, recently introduced to the 

Icelandic ecosystem? 

o If not, has the distribution of T.b. increased in Iceland the last two decades? 

- How long has the environmental condition been propitious for the disease to emerge in 

Iceland?  

o Is PKD a contributing factor in the severe decline in populations of Arctic charr in 

Iceland? 

- What is the progress of infections and clinical signs during the summer time in Iceland? 

o In warmer lakes with declining Arctic charr population  

o In a colder lake with a strong population of Arctic charr. 

- Is Arctic charr in Iceland a dead-end-host for the parasite, Tetracapsuloides bryosalmonae?  

o Is T.b. present in lakes which are only inhabited by one salmonid species, i.e. Arctic 

charr? 
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3 Materials and methods 

3.1 Materials 

3.1.1 Sampling of fish 

All salmonid fish collected for examination in this study were caught using bottom gill nets of 

monofilament nylon, with mesh sizes 12-50 mm (knot-to-knot). The nets were put out in the lakes in the 

afternoon. The following morning, all fish caught were collected from the nets, put in containers with ice 

and transferred to the Fish Disease Laboratory at the Institute for Experimental Pathology, where they 

were dissected and sampled and subsequently examined for T.b. infections according to methodology 

described below.  

3.1.2 Samples from 1994-1998 

Frozen kidneys (-20°C), from salmonids caught in the years 1994-1998 from various lakes in Iceland, 

were available at the Institute for Experimental Pathology at Keldur. In 2012, sub-samples from these 

kidneys were taken and stored in 96% ethanol. A total of 372 kidney samples from fish, from 23 lakes 

in Iceland, were screened for T.b. infections using the PCR test described below. Number of samples 

from each fish species and lake is shown in Table 1.  

 

Table 1. Number of kidney samples from 1994-1998 tested for T.b. by PCR.  
 

 

 

Lakes Year Arctic charr Brown trout Species unknown Total 

Arnarvatn-stóra 1997 17 2  19 

Baulárvallavatn 1994  10  10 

Eiðavatn 1994  5  5 

Eystra-Gíslholtsvatn 1997 21   21 

Elliðavatn 1997 15   15 

Fljótsbotn 1997 20   20 

Frostastaðavatn 1998 17   17 

Hafravatn 1997 12   12 

Hestvatn 1997 18 17  35 

Hlíðarvatn - Selvogi 1997 23   23 

Hólmavatn 1998 13   13 

Langavatn 1998 4 7  11 

Másvatn 1998 4 4  8 

Miðhóp 1998   11 11 

Mývatn 1998 13   13 

Reyðarvatn 1998   10 10 

Sandavatn 1998   21 21 

Skriðuvatn 1998   10 10 

Úlfarsvatn 1998 17 2  19 

Vatnsholtsvatn 1998  16  16 

Vesturhópsvatn 1998  20  20 

Vífilsstaðavatn 1998 24   24 

Þríhyrningsvatn 1998   19 19 

     372 
 

Species unknown are either Arctic charr or brown trout. 
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3.1.3 Comparison on T.b. prevalence between decades. 

For this comparison, samples from Lake Elliðavatn (caught in 1997; n=15 and 2015; n=122) and Lake 

Vífilsstaðavatn (1998; n=24 and 2015; n=110) (from sections 3.1.2 and 3.1.5), were used. In addition, 

available samples from Lake Elliðavatn (2013; n=16 and 2014; n=30), Lake Vífilsstaðavatn (2012; n=13) 

and Lake Hlíðarvatn (2012; n=35, 2013; n=16 and 2014; n=30) were screened for the presence of T.b. 

In all cases, except for Lake Hlíðarvatn in 2012 which were only examined by HE stained histological 

slides, a PCR test was applied.  

 

3.1.4 Ratio of salmonids and relationship of catch per unit effort (CPUE) and 
temperature from 1984-2015 

Data on CPUE (catch per unit effort) and ratios of salmonids from long term monitoring of the status of 

fish population from Lake Elliðavatn were provided by the Institute of Freshwater fisheries in Iceland. 

Data on water temperature in the lake, over the same time period, was acquired from the Icelandic Met 

Office (Veðurstofa Íslands, 2016). The relationship of CPUE and water temperature over the period 

1984 – 2015 was examined by simple linear regression. Statistical analysis is discussed in more details 

below. 

 

3.1.5 Lake Elliðavatn, Lake Vífilsstaðavatn and Lake Úlfljótsvatn 

For studying the progress of T.b. infections during one summer, Arctic charr and brown trout, were 

caught from three different lakes in Iceland during the summer of 2015. Two of these are relatively 

warm and shallow lowland lakes where populations of Arctic charr have been declining the last 

decades (Lake Elliðavatn and Lake Vífilsstaðavatn) while the third is deeper and colder lake where the 

population of Arctic charr have remained stable and strong (Lake Úlfljótsvatn) (Figure 3). Fish were 

caught four times during the summer, from July to October, with approximately 30 days between each 

sampling. 

Samples from 30 fish from each fish species, lake and sampling time were examined. Of those, 15 

were examined by PCR and the same number by histology. In some cases, the number of fish caught 

did not reach 30, in which case 15 were examined by PCR, and the remaining, if any, examined by 

histology.  Sampling times and number of samples tested by each method, PCR and histology, are 

summarized in Table 2.  
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Figure 3. Locations of sampling sites and gillnets in summer 2015 
Line drawing showing the locations of sampling sites and gillnets in summer 2015, Lake Elliðavatn, 
Lake Vífilsstaðavatn and Lake Úlfljótsvatn. Line drawing: Friðþjófur Árnason. 

 

The progress of T.b. infection was analysed in relation to water temperature during the same time. 

Temperature figures for Lake Elliðavatn and Lake Vífilsstaðavatn were obtained from the Met Office in 

Reykjavik (Veðurstofa Íslands, 2016) and Institute of Freshwater Fisheries, respectively. Data available 

on water temperature from Lake Úlfljótsvatn is scarce but monitoring of the lake was done from 2010-

2012 by Laxfiskar ehf (Sturlaugsson, 2011). This data was used as a guideline for the general water 

temperature of Lake Úlfljótsvatn. Water temperature for Lake Þingvallavatn, a lake in the same 

catchment area as Lake Úlfljótsvatn, was available online for 2015 (www.landsvirkjun.is).  

 

 

 

 

http://www.landsvirkjun.is/
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Table 2. Sampling dates and number of each species caught in summer of 2015.  
In all cases, except when sufficient number of fish were not caught, 30 samples from each fish 
species, lake and sampling time were examined; 15 by histology and 15 by PCR. 

 

 

3.1.6 “Pure” Arctic charr lakes 

For studying the presence of T.b. in lakes where Arctic charr is the only salmonid inhabitant, samples 

were caught in Lake Mjóavatn in Auðkúluheiði in late August 2014 (n=15) and 2015 (n=15) and 

examined for the presence of T.b. using the PCR test (described below). Furthermore, formalin fixed 

samples available from Arctic charr from Lake Hraunvatn (n=30), were prepared for histological 

examination and examined for the presence of T.b., according to the descriptions below. As Arctic charr 

have been considered a dead-end-host for T.b. in Europe, a special emphasis was made on 

investigating whether sporogonic stages of T.b. were present inside kidney tubules. For that purpose, 

selected slides from severely infected Arctic charr (histological blocks available from 2009) as well as 

less infected kidney samples from Arctic charr from Lake Elliðavatn, caught in 2015, showing myxozoan 

stages of unknown origin, were examined by in situ hybridization (ISH) (see description below).   

 

3.2 Methods  

3.2.1 Fish dissection and sampling  

Fork length (accuracy 0.1 cm) and weight (0.5 g) for each fish was measured. Furthermore, the sex and 

gonad stature were determined for all fish.  Kidney samples for PCR and histology were taken from all 

dissected fish. For PCR, a small tissue (approximately 0.4 x 0.4 x 0.4 cm) was taken from posterior 

kidney and fixed in 96% ethanol and stored in 4°C until further processing. Similarly, two kidney samples 

(approx. 1.0 x 1.0 x 0.5 cm), from anterior- and posterior kidney, were taken and fixed in 10% buffered 

formalin for histological examination (see Figure 4). 

 

 

Lake Vífilsstaðavatn 

 

Lake Elliðavatn 

 

Lake Úlfljótsvatn 

Date 

Arctic 

charr 

Brown 

trout 

 

Date 

Arctic 

charr 

Brown 

trout 

 

Date 

Arctic 

charr 

Brown 

trout 

15.7.2015 47 58 

 

15.7.2015 28 107 

 

16.7.2015 131 7 

12.8.2015 32 23 

 

11.8.2015 49 127 

 

18.8.2015 115 28 

15.9.2015 33 74 

 

15.9.2015 48 120 

 

22.9.2015 243 56 

20.10.2015 5 49 

 

15.10.2015 76 202 

 

27.10.2015 185 6 

Total 117 204 

 

Total 201 556 

 

Total 674 97 

Histology 105 113 

 

Histology 119 120 

 

Histology 120 71 

PCR 50 60 

 

PCR 62 60 

 

PCR 60 43 
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Figure 4. Tissue sampling. 
The figure demonstrates the location of kidneys samples taken for histology (red square, approx. 1.0 x 
1.0 x 0.5 cm) and PCR (yellow square, approximately 0.4 x 0.4 x 0.4 cm). Photo: Fjóla Rut 
Svavarsdóttir 

 

Clinical signs of PKD were evaluated from the appearance of the kidney. They were roughly divided into 

four stages as follows: Stage 0: normal salmonid kidney and no signs of abnormalities, Stage I: mild 

swelling of the kidney, not more than 2x normal size; Stage II: moderate swelling, kidney 2-8x larger 

than normal; Stage III: severe swelling of the kidney, kidney more than 8x normal size. On Figure 5 

there are examples of these stages.  

 

Figure 5. Evaluation of clinical symptoms of PKD. 
A) A normal kidney in Arctic charr (Stage 0). B) Kidney in brown trout with mild clinical signs of PKD 
(Stage I). C) Kidney in Arctic charr with moderate clinical signs of PKD (Stage II). D) A kidney in Arctic 
charr with severe clinical signs of PKD (Stage III). Photos: Fjóla Rut Svavarsdóttir & Árni 
Kristmundsson. 

 

3.2.2 DNA extraction and diagnostic PCR 

DNA from 10 mg of each sample was extracted using GeneMatrix Tissue DNA Purification Kit (150) 

from EURX (Gdansk, Poland) according to following tissue extracting protocol (with modifications, 280 

µl of LyseT, SolT and 96% alcohol) and stored in -20°C freezer.  
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Polymerase chain reaction (PCR) was done on all extracted DNA samples. Each tube contained 20 

µl of fluid, thereof 1 µl of DNA, 9 µl of Solution A and 10 µl of MasterMix (see order and volume of 

substances in Table 3). For this 1 unit of i-TaqTM plus DNA Polymerase from iNtRON Biotechnology 

(Korea) was used per PCR reaction.  

 

Table 3. Composition of Solution A and MasterMix used in PCR. 

 

 

Primers, specially designed by co-supervisor Mark Freeman (unpublished data), were used to 

amplify 517 bp of the nuclear rRNA gene spanning partial 18S, full ITS1 and partial 5.8S of T.b. The 

primers, shown in Table 4, were designed from alignments of known sequences of the parasite (samples 

from Lake Elliðavatn and Lake Vífilsstaðavatn in Iceland) and from region that has been used 

successfully for distinguishing between strains of T.b. They were purchased from IDT (Integrated DNA 

technologies, Singapore).  

 

Table 4. Primers used to screen for T.b. 

 

 

A positive and negative control sample as well as non-template (ddH2O) control were used 

successfully in all PCR. The positive control sample used was extracted from a kidney sample from 

Arctic charr from Lake Vífilsstaðavatn caught in September 2009; a fish showing severe clinical signs 

of PKD (Stage III) and infection of T.b. was confirmed by histological examination. A kidney sample from 

Arctic charr, from a fish farm using borehole pathogen free intake water, was used as negative control.  

Polymerase chain reaction was performed using PTC-200 Peltier thermal cycler from MJ Research. 

The thermocycle protocol began with a denaturing step of 95°C for 5 minutes followed by 34 cycles of 

94°C for 30 seconds, 60°C annealing for 30 seconds and another 30 seconds at 72°C. This was 

completed with 72°C for 7 minutes for final extension.  

Solution A 
 

MasterMix 

Substance Volume (µl)   Substance Volume (µl) 

Buffer (10x) 2   H2O 6.8 

dNTP 2   Primer 1 1.5 

H2O 5   Primer 2 1.5 

      iTaq plus 0.2 

Total 9   Total  10 

 

 

PKD-1700f 

5'-AGC GAG AAC TTG GTG GTA GC-3' 

 

PKD-5.8mhR 

5'-CGC AGC AAG CTG CGT TCT TCA TCG A-3' 
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The PCR products were visualized in 1% agarose gel stained with ethidium bromide using loading 

dye and a 100 bp ladder.  

To get an indication of the infections intensity, the reaction of samples on the agarose gels were 

roughly evaluated visually as follows: negative for T.b. = No visible band; (1) = faint band visible; and 

(2) = clear or strong band visible. 

 

3.2.3 Histology 

The formalin fixed samples were trimmed to appropriate sizes and put in histological blocks and 

subsequently prepared for histological examination according to routine protocols, i.e. embedded in 

paraffin wax, sectioned (3 µm thick), stained with haematoxylin and eosin (HE) and mounted in resin 

based media. The intensity of infections in histological samples was roughly estimated based on mean 

number (of 20 microscopic fields examined) of extrasporogonic stages present in the kidney interstitium 

per microscopic field at magnification 40x (objective): No infection = no parasites detected; (1) Mean 

number <1 parasite /microscopic field; (2) Mean number ≥1 parasite /microscopic field.  

 

3.2.3.1 Special staining 

In case suspicious forms were detected, that could not be confirmed as T.b. for certain using HE stained 

sections, IHC was applied following Morris et al. (2000) using kit and protocol from Aquatic diagnostic, 

Scotland (Anti-Tetracapsuloides bryosalmonae (PKX) monoclonal antibody, product no:P01). The 

relevant slides were stained using a monoclonal antibody (Mab) against the parasite, which specifically 

binds to proteins of the extra-sporogonic stages of T.b.  

In situ hybridization (ISH) was applied to confirm the presence of T.b. in selected sections, with an 

emphasis on intratubular sporogonic forms of T.b. in the kidney of Arctic charr. With some minor 

modifications, the methodology followed Freeman (2009). Concentration of proteinase K was reduced 

to 20µgml-1 in tris-buffered saline (TBS – pH 8) and time reduced to 12 minutes. The digestion of tissue 

was stopped by washing the slides two times, in 2% glycine in PBS (pH 7.4) for three minutes each time 

according to Morris (1999). The probes used were from Kent et al. (1998) and labelled with Biotin at the 

3’ end, see Table 5. 

 

Table 5. Probes used for in situ hybridization. 

 

PKX1458 

5'-TAT CGG ATT ACT TCG TAC GC –Biotin-3' 

 

PKX4R 

5'-CCG TTA CAA CCT TGT TAG GAA-Btiotin-3' 
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3.2.4 Statistical analysis and ecological terms 

Prevalence was determined as the proportion of infected fish among all the fish examined and mean 

infection intensity was expressed as the mean infection, excluding uninfected fish (as defined in 

sections 3.2.2 and 3.2.3 above).  

All statistical calculations and graphics were performed in Microsoft Excel (2010) and R-Studio (Version 

0.98.1091).  

Data on water temperature for Lake Elliðavatn was only available from 1990-2015 and CPUE units 

from 1987-2015. Values of mean temperature for July and August in 1989 were obtained from Malmquist 

et al. (2009). 

The water temperature and CPUE units over time was calculated using simple linear regression in 

R-studio with year as response variable and temperature (year~temperature) or CPUE units as 

explanatory variables (year~CPUE).  

CPUE are standard units frequently used by the Institute of Freshwater fisheries, which are 

calculated according to catch figures of fish in a lake. Two series (20 nets in total) of bottom gillnets with 

mesh sizes 12-50 mm (knot-to-knot) are laid over night. CPUE units stand for fish caught in average in 

one net over one night.  

As the intensity of infections was estimated and only meant to give some indications, no statistical 

analysis was performed on those data. 
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4 Results 

4.1 Infections of Tetracapsuloides bryosalmonae from 1994-1998 in 
Iceland 

Regardless of fish species, T.b. infections were detected in salmonids from ten of the 23 lakes from 

various regions of Iceland 1994-1998. The overall prevalence, in lakes where T.b. was detected, ranged 

from 5-100%. The location of all the lakes, from which fish were examined, both those harbouring 

infected and uninfected fish are shown in Figure 6. Of the 14 lakes, from which Arctic charr was tested, 

T.b. infections were found in six, the prevalence ranging from 7-100%; being highest in Lake Elliðavatn 

and Lake Vífilsstaðavatn, where all fish were found infected, and Lake Eystra-Gíslholtsvatn (prevalence 

95%).  Infected brown trout were found in four of eight lakes tested, the prevalence being highest in 

Lake Vatnsholtsvatn and Lake Hestvatn, i.e. 88% and 82%, respectively.  

Detailed overview on prevalence figures from each lake and fish species, as well as the location of 

the lakes are shown Table 6 and Figure 6. 

 

 

Figure 6. Lakes from 1994-1998. 
The names and locations of “infected” and “uninfected” lakes from which salmonids, caught in 1994-
1998, were tested from for T.b. infections. 
 



  

41 

Table 6. Table of samples from 1994-1998. 
The prevalence (%) of T.b.-positive samples from salmonids caught in 23 different lakes in Iceland 
during the years 1994-1998. The number in the parenthesis represents the number of fish examined. 

 

 

4.2 Comparison of T.b. infections between decades 

Data from two different decades were available for three lakes, i.e. Lake Elliðavatn, Lake Vífilsstaðavatn 

and Lake Hlíðarvatn. In Lake Elliðavatn the prevalence of T.b. infections was 100% in 1997, 81% in 

2013, 100% in 2014 and 83% in 2015. In Lake Vífilsstaðavatn the prevalence was 100% in 1998, 100% 

in 2012 and 93% in 2015. In Lake Hlíðarvatn none of the fish tested positive for T.b. infection in 1997. 

However, in the years 2012, 2013 and 2014, 77%, 94% and 17% of the fish were found infected by T.b., 

respectively.  

Except for Hlíðarvatn in 2012, which was based on histological examination, the results are based on 

PCR testing (see Table 7). 

 

 

 

 

 

 

Year Lakes Arctic charr Brown trout 
Species 

unknown Total 

1997 Arnarvatn-Stóra 0% (17) 0% (2)   0% (19) 

1994 Baulárvallavatn  0% (10)   0% (10) 

1994 Eiðavatn   20% (5)   20% (5) 

1997 Eystra-Gíslholtsvatn 95% (21)    95% (21) 

1996 Elliðavatn 100% (15)     100% (15) 

1997 Fljótsbotn 0% (20)    0% (20) 

1997 Frostastaðavatn 0% (17)     0% (17) 

1998 Hafravatn 75% (12)    75% (12) 

1997 Hestvatn 50% (18) 82% (17)   65% (35) 

1997 Hlíðarvatn - Selvogi 0% (23)     0% (23) 

1997 Hólmavatn 0% (13)     0% (13) 

1998 Langavatn 0% (11)    0% (11) 

1998 Másvatn 0% (4) 0% (4)   0% (8) 

1998 Miðhóp  0% (1) 0% (10) 0% (11) 

1998 Mývatn 7% (13)     7% (13) 

1998 Reyðarvatn   0% (10) 0% (10) 

1998 Sandavatn     5% (21) 5% (21) 

1998 Skriðuvatn   0% (10) 0% (10) 

1998 Úlfarsvatn 0% (15) 0% (2)   0% (17) 

1998 Vatnsholtsvatn   88% (16)   88% (16) 

1998 Vesturhópsvatn   65% (20)   65% (20) 

1998 Vífilsstaðavatn 100% (24)    100% (24) 

1998 Þríhyrningsvatn     0% (19) 0% (19) 

Species unknown are either Arctic charr or brown trout. 
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Table 7. Comparison of lakes between decades. 
The prevalence (%) of T.b.-positive samples from Arctic charr and brown trout from three lakes in 
1990s vs 2010s. The number in the parenthesis represents the number of fish examined. Except for 
Lake Hlíðarvatn in 2012 (*) which was examined by histology, all the results are based on PCR 
testing. N.d.=No data. 

 

 

4.3 Ratio of salmonid species and relationship of CPUE and 
temperature from 1984-2015 in Lake Elliðavatn 

In the years 1984 and 1987, the catch in Lake Elliðavatn was dominated by Arctic charr, its proportion 

being around 70% and 55%, respectively. The following eight years (1987 – 1995), its proportion 

fluctuated considerably, ranging from about 17% to almost 50%. From 1996 – 2014, the ratio of Arctic 

charr in the total catch remained relatively low, i.e. from approximately 3% to 20%. A considerable 

increase in the CPUE was observed in 2015, when the proportion rose to around 30% (Figure 7). During 

this period (1984 – 2015) the CPUE for brown trout caught has remained relatively steady while a 

significant decrease has been observed in the CPUE of Arctic charr (p<0,01) (Figure 8).  

 

Figure 7. Ratio of salmonid species caught in Lake Elliðavatn 1984-2015. 
Ratio of Arctic charr and brown trout caught in Lake Elliðavatn in the annual monitoring program 
performed by The Institute of Freshwater Fisheries. The data from 2015 is based on the fish caught for 
this study. Data: The Institute of Freshwater Fisheries. 

 

             1997               2013             2014               2015  

Lake Elliðavatn  
           100% (15)               81% (16)             100% (30)               83% (122)  

   
                                                          

             1998               2012             2013               2015  

Lake Vífilsstaðavatn  
           100% (24)               100% (13)             N.d.               93% (110)  

   
                                                          

             1997               2012             2013               2014  

Lake Hlíðarvatn  
           0% (23)               77% (35)*             94% (16)               17% (30) 
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Figure 8. CPUE of fish in Lake Elliðavatn in 1987-2015. 
CPUE of Arctic charr (red) and brown trout (blue) in Lake Elliðavatn during the years 1987-2015. The 
lines represent linear regression lines. Data: The Institute of Freshwater Fisheries. 

 

The water temperature in June and July in Lake Elliðavatn, has increased significantly over the years 

1985-2015 (p<0.01) (Figure 9). Over the same period the CPUE (catch per unit effort) for Arctic charr 

has declined significantly (p<0.001) (Figure 10).  

 

Figure 9. Water temperature of Lake Elliðavatn from 1989-2015. 
Water temperature of Lake Elliðavatn from 1989-2015 with regression line (black), based on mean 
temperature for June and July. Data: The Institute of Freshwater Fisheries. 

P<0.001 
R2=0.655 

P<0.01 
R2=0.248 

Ns 
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Figure 10. CPUE of Arctic charr in Lake Elliðavatn 1987-2015. 
CPUE of Arctic charr in Lake Elliðavatn from 1987-2015 with linear regression line (black). Data: The 
Institute of Freshwater Fisheries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P<0.001 
R2=0.623 
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4.4 Progress of infections and clinical signs in summer 2015 

4.4.1 Ratios of Arctic charr and brown trout in the total catch   

 

 

Figure 11. Ratio of salmonids caught in 2015. 
Proportion of Arctic charr and brown trout in Lake Elliðavatn, Lake Vífilsstaðavatn and Lake 
Úlfljótsvatn of the total catch in each lake during the summer of 2015. The fish were caught at four 
different sampling times from July to October. 
 

In Lakes Elliðavatn and Vífilsstaðavatn, brown trout was the dominant species, representing 73% 

(556 of 757 fish) and 64% (204 of 321 fish), respectively. Conversely, the dominant species in Lake 

Úlfljótsvatn was Arctic charr representing 87% (674 of 771 fish) of the total catch, see Figure 11. 

 

4.4.2 Lake Elliðavatn 

The prevalence of T.b. infections, using the diagnostic PCR, was high in Lake Elliðavatn at all sampling 

times, ranging from 67-93% in Arctic charr and 73-100% in brown trout. Equivalent prevalence figures 

from histological examination were 93-100% and 67-80% for Arctic charr and brown trout, respectively 

(Figure 12). The intensity of infections was similar at all sampling times for both species, regardless of 

method used (Figure 12). No clinical signs were detected in either species at the first sampling time in 

July. At the three later sampling times, in August – October, mild clinical signs (Stage I) were observed 

in both Arctic charr (17-27%) and brown trout (3-20%), being highest in August and September for both 

species (Figure 13). 
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Figure 12. Prevalence of infections by T.b. in Lake Elliðavatn 2015. 
Prevalence of infections by T.b. in Arctic charr and brown trout from Lake Elliðavatn in summer 2015. 
(A) represents the results from the diagnostic PCR while (B) shows the results from histological 
examination. The estimation of the infection intensity is shown in red above each column. 

 

The water temperature in Lake Elliðavatn is shown in Figure 14 with black stars to indicate the four 

samplings representing the bars in previous figures. The mean temperature for each month from May 

to October were 7.8°C, 12.1°C, 15.1°C, 12.7°C, 9,7°C and 4.9°C, respectively. 
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Figure 13. Prevalence of clinical signs in Lake Elliðavatn 2015. 
Prevalence of clinical signs of PKD in all fish sampled in Lake Elliðavatn in summer 2015. They were 
light in all cases (Stage I). The intensity of clinical signs (Stage I-III) is shown in red above each 
column. 

 

 

 

Figure 14. The water temperature in Lake Elliðavatn 2015. 
The water temperature in Lake Elliðavatn from 1st of May till 31st of October 2015. Black stars 
represent the four samplings in 15th of July, 11th of August, 15th of September and 15th of October 
2015. The green area shows the critical temperature for PKD to emerge. Data: Met Office, Reykjavík. 
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4.4.3 Lake Vífilsstaðavatn 

 

Figure 15. Prevalence of infections by T.b. in Lake Vífilsstaðavatn 2015. 
Prevalence of infections by T.b. in Arctic charr and brown trout from Lake Vífilsstaðavatn in summer 
2015. (A) represents the results from the diagnostic PCR while (B) shows the results from histological 
examination. The estimation of the infection intensity is shown in red above each column. 
 

Similar to Lake Elliðavatn, the infection´s prevalence was high in Lake Vífilsstaðvatn at all sampling 

times, ranging from 67-100% in Arctic charr and 93-100% in brown trout, using the diagnostic PCR 

(Figure 15). In histological examination the prevalence of infection was 100% and 87-100% in Arctic 

charr and brown trout, respectively. The intensity of infections were similar at all sampling times for both 

species using PCR but appeared to decrease in brown trout during the last two sampling dates in 

samples from histological examination (Figure 15). Clinical signs were detected at all sampling times 

being most common in August when the prevalence reached 55% in Arctic charr and 33% in brown 

trout, except for one Arctic charr caught in September which had moderate signs of PKD (Stage II), they 

were mild (Stage I) (Figure 16).  
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Figure 16. Prevalence of clinical signs in Lake Vífilsstaðavatn 2015. 
Clinical signs of PKD observed in kidneys of fish sampled in Lake Vífilsstaðvatn in summer of 2015. All 
signs of PKD were mild (Stage I), except in one Arctic charr caught in September which showed 
moderate clinical signs (Stage II). The intensity of clinical signs (Stage I-III) is shown in red above 
each column. 

 

The water temperature in Lake Vífilsstaðavatn from 1st of May till 31st of October 2015 is shown in 

Figure 17. The mean temperature for May was 8.3°C, June 12.6°C, July 15.5°C, August 13.2°C, 

September 10.1°C and October 4.9°C.  

 

 

Figure 17. The water temperature in Lake Vífilsstaðavatn 2015. 
The water temperature in Lake Vífilsstaðavatn from 1st of May till 31st of October 2015. Black stars 
represent the four samplings in 15th of July, 12th of August, 15th of September and 20th of October 
2015. The green area shows the critical temperature for PKD to emerge. Data: The Institute of 
Freshwater Fisheries 
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4.4.4 Lake Úlfljótsvatn 

 

 

Figure 18. Prevalence of infections by T.b. in Lake Úlfljótsvatn. 
Prevalence of infections by T.b. in samples from Lake Úlfljótsvatn in summer 2015. (A) represents the 
results from the diagnostic PCR while (B) shows results from the histological examination. The 
estimation of the infection intensity is shown in red above each column. 

 

According to PCR screening (Figure 18a) the prevalence of T.b. infections in Lake Úlfljótsvatn was much 

lower in both fish species (13-33%) the first two sampling times (July and August) than observed in the 

other two warmer lakes at the same time. The two latter sampling times, a marked increase was 

observed and in October it had reached 73% in Arctic charr and 100% in brown trout. Histological 

examination showed higher prevalence for both species, especially during the first two sampling times 

(53-73% for both species) (Figure 18b). Regardless of method, the infections intensity was quite low the 

first two sampling times. A marked increase in intensity was observed at the last sampling time in late 

October.  No clinical signs of PKD were observed from Lake Úlfljótsvatn.  Temperature data from the 

lake was unavailable for summer 2015 but available from 2010. This year will be used as a guideline for 

the general water temperature in the lake. The mean temperatures for the summer of 2010 were as 
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follows:  May 5.0°C, June 8.9°C, July 11.0°C, August 11.7°C, September 9.5°C and October 7.3°C 

(Figure 19). The water temperature for Lake Þingvallavatn is shown on Figure 20. 

 

 

Figure 19. Water temperature in Lake Úlfljótsvatn in 2010. 
Water temperature from 1st of May to 31st of October 2010. The green area shows the critical 
temperature for PKD to emerge. Data: Jóhannes Sturlaugsson (Laxfiskar), unpublished basic data. 

 

 

Figure 20. Water temperature in Lake Þingvallavatn 2015. 
Water temperature from Lake Þingvallavatn from 1st of May to 31st of October in 2015. The green area 
shows the critical temperature for PKD to emerge. Data: www.landsvirkjun.is 

 

http://www.landsvirkjun.is/
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4.4.5 Histological examination  

During histological examination, both viable and degenerated extrasporogonic forms of T.b. were 

observed. In general, degenerative forms appeared more common in brown trout. Furthermore, 

intratubular forms were commonly seen in the samples. However, due to similarity of myxozoan 

sporogonic stages, they could not be identified as T.b. with any certainty in HE stained sections. When 

IHC was applied, the extrasporogonic stages of T.b. could be identified. However, due to a considerable 

background staining in the tubular epithelial cells, the intratubular forms seen could not be identified as 

T.b. with certainty.   Examples of extrasporogonic stages of T.b. observed in the kidney interstitium in 

samples from summer 2015 are shown in Figure 21 and Figure 22.  

As noted before, most of the infected fish had subclinical infections. Hence, the majority of the 

samples examined for histopathology had normal kidney structure except for some mechanical 

disruption of the interstitium due to the presence of the parasite. However, some of the fish showed 

some light or moderate clinical signs in which case the kidney histology was characterized by a mild 

hyperplasia in the hematopoietic tissue and infiltration of phagocytic cells which were commonly seen 

surrounding the parasites. 

 

 

Figure 21. Histological section through a kidney of Arctic charr (HE-staining). 
Histological section through a kidney of Arctic charr caught in July 2015 in Lake Vífilsstaðavatn. HE-
staining. Arrows point to extrasporogonic forms of T. b.  
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Figure 22. Histological section through a kidney of Arctic charr (immunostaining). 
Histological slide of kidney from Arctic charr caught in August 2015 in Lake Elliðavatn. 
Immunostaining. Arrows point to extrasporogonic forms of T.b.   

 

4.5 Presence of T.b. in “pure” Arctic charr lakes  

4.5.1 Prevalence 

Kidney samples from two lakes, Lake Mjóavatn and Lake Hraunvatn, both of which are only inhabited 

by one salmonid species, Arctic charr, were screened for T.b.  

Results from Lake Mjóavatn in 2014 (n=15) and 2015 (n=15), based on PCR screening, showed 

40% and 80% of the Arctic charr infected with T.b., respectively. No information on clinical signs in fish 

caught in Lake Mjóavatn were available.  

In Lake Hraunvatn, the prevalence was 60% in kidney samples from fish caught in the lake in summer 

2011. No clinical signs were detected. These results are based on histological examination. 

 

4.5.2 The presence of sporogonic stages of T.b. in Arctic charr 

Examination of HE stained histological sections, from Arctic charr from Lake Vífilsstaðavatn caught 

in September 2009 with severe clinical signs of PKD, showed massive numbers of extrasporogonic 

stages of T.b. Furthermore, intratubular sporogonic myxozoan forms were present in high numbers. 

Samples examined from an Arctic charr from Lake Elliðavatn in 2015 showed moderate numbers of 

extrasporogonic stages of T.b., most of which were degenerated. However, some intratubular myxozoan 

forms were also present. In examination of HE-stained histological slides the intensity of infection by 

T.b. was massive and forms of sporogonic forms of T.b. appeared to be present in kidney tubules in the 
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samples. Subsequently, in situ hybridization was successfully applied to the same samples. The staining 

showed a strong and highly specific reaction, with no cross-reactivity to host tissue present. All the 

presumable intratubular stages, seen in the HE stained sections, proved to be sporogonic stages of T.b. 

Comparison of HE-staining and in situ hybridization on the same fish is shown in Figure 23. Figure 24 

shows extrasporogonic forms of T.b. (A) and sporogonic stage (B). Figure 25 shows a severely infected 

kidney tissue with numerous forms of T.b (A) and forms of T.b. both in the epithelium of a kidney tubule 

(B) and inside it (C).  

 

Figure 23. Histological section through a kidney of Arctic charr (HE-staining and in situ 
hybridization). 
Histological section through a kidney of Arctic charr with severe clinical signs of PKD, caught in 
September 2009 in Lake Vífilsstaðavatn. The figure shows sporogonic, intratubular forms of T.b. 
(arrows) (A) HE-staining and (B) in situ hybridization. 
 

 

Figure 24. Histological section through a kidney from Arctic charr (in situ hybridization). 
Histological section through a kidney from Arctic charr with severe symptoms of PKD, caught in 
September 2009 in Lake Vífilsstaðavatn. In situ hybridization (arrows) showing viable and degenerate 
extrasporogonic stages of T.b. in the kidney interstitium (A) and intratubular sporogonic stages of T.b. 
(B). 
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Figure 25. Histological section through a kidney from a severely infected Arctic charr (in situ 
hybridization). 
Histological section through a kidney from a severely infected Arctic charr. In situ hybridization showing 
massive numbers of both extrasporogonic and sporogonic stages of T.b. (A). Forms of T.b. inside 
tubular epithelial cells (arrows) of the kidney (B). Sporogonic stage of T.b. inside a kidney tubule (C). 
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5 Discussion 

5.1 Is T.b., the causative agent of PKD, recently introduced to Icelandic 
ecosystem?  

When the disease PKD was first identified in Iceland in 2008, no data existed on its causative agent, 

T.b. in Icelandic waters (Kristmundsson et al., 2010). The disease was observed in Arctic charr, which 

showed severe clinical signs of the disease, from Lake Elliðavatn in SW Iceland, a lake which had 

experienced a massive decline in the population of Arctic charr (Malmquist et al., 2009).  In view of 

declining stocks of Arctic charr the last decades it was valuable to find out whether the parasite existed 

in Icelandic ecosystems before 2008. In the present study, T.b., was identified in 10 of 23 lakes which 

confirms without doubt the existence of the parasite in Icelandic freshwater long before the first finding 

of the disease. Furthermore, the lakes positive for T.b. are located all around Iceland (see Figure 6). 

Some of the lakes, for example Lake Eystra-Gíslholtsvatn, Lake Elliðavatn, Lake Vífilsstaðavatn, Lake 

Hafravatn, Lake Hestvatn and Lake Vatnsholtsvatn had a very high prevalence of infection and in many 

cases a strong reaction in the PCR test (clear strong bands on gel). Results from other lakes, with T.b. 

positive fish, varied considerably with regard to prevalence of infection and size of bands in positive 

samples. Although the test applied was not a quantitative real time PCR, the size of the bands do 

indicate, to some extent, the status of infections in the fish. However, it would have been interesting to 

test the samples by real-time qPCR and get more accurate observations on the intensity of infections. 

Furthermore, it would have been a good addition to have data on clinical signs from that time. Although 

the results from the present study only confirms the presence of T.b. in the 1990s, it seems highly likely 

that the parasite has been present for a long time. Two things from this study supports that: 1) In the 

majority of the lakes, harbouring T.b. infected fish, the prevalence was high (65-100%). That could 

indicate the parasite has established an effective life cycle in these ecosystems where a large amount 

of spores are released into the environment; 2) “Infected” lakes are located in various parts of the 

country. 

 

5.1.1 Has T.b. increased its distribution in Icelandic ecosystem the last two 
decades?  

Presently, data on infection prevalence of T.b. from two different decades, the 1990s and 2010s, exist 

for three lakes, Lake Elliðavatn, Lake Vífilsstaðavatn and Lake Hlíðarvatn (see Table 7). In 1997 and 

1998 all fish screened were positive for T.b. in Lake Elliðavatn and Lake Vífilsstaðavatn. In 2015 the 

prevalence remained high, 83% in Lake Elliðavatn and 93% in Lake Vífilsstaðavatn. Based on this, the 

parasite appears to have been equally common in the lakes in both the 1990s and 2010s. On the other 

hand, of the 23 samples from Lake Hlíðarvatn in 1997, none were positive for the parasite. In 2012-

2014, the parasite was, however, observed in 17-94% of the fish examined. Although there seems to 

be some variation in the prevalence of T.b. in the lake, the parasite might have settled in the lake 

recently. Examinations from Kristmundsson et al. during 2008 – 2013 (unpublished data) might support 

these speculations. According to these data, infected fish were observed in 18 of 19 lakes and all five 

rivers studied for the presence of T.b. Furthermore, fish with clinical signs of PKD were observed in 10 
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of the lakes and one of the rivers. Hence, it seems possible that the distribution of T.b. has increased in 

Icelandic waters over the last two decades. That could be due to temperature difference, where the 

production of infective spores might have been hampered in colder years and areas or it could mean an 

active colonization of the parasite to new areas. In bryozoans the parasite can infect vertically through 

their asexual reproduction, statoblasts (Abd-Elfattah et al., 2014; Hartikainen et al., 2013). The 

knowledge of their vertical infection through statoblasts could shed some light on how the parasite is 

distributed around Iceland. Statoblasts are very sturdy and can survive both drought and a cold 

environment and therefore a possibility for the parasite to increase their distribution by infecting 

statoblasts, e.g. with birds and fishing gear (Okamura et al., 2015). On the other hand, the growth of 

bryozoans and therefore the production of statoblast could be greatly reduced during cold summers. 

 

5.2 The decline of Arctic charr in Iceland - Is PKD a possible factor of 
influence? 

Climate changes towards higher temperature are indisputable, both worldwide and in Iceland (Björnsson 

et al., 2008; IPCC, 2013; Jónsson & Garðarsson, 2001). These changes have already had 

consequences, some positive but others negative. In Lake Elliðavatn, as well as many other shallow 

lowland lakes, the Arctic charr population has been drastically decreasing over the last decades 

(Malmquist et al., 2009). Several factors have been discussed as possible causes for this decrease, e.g. 

abiotic factors such as concentration of minerals, the nutrient status in the lake, overfishing and water 

regulation (Antonsson & Guðbergsson, 2000; Malmquist et al., 2009). As the population of brown trout 

has not been affected, during the same period, some of these factors are considered unlikely causes 

for this decline (Malmquist et al., 2009). Increasing temperatures in Lake Elliðavatn has been considered 

to be the most likely cause for worsening condition of the Arctic charr population, with possible effects 

on breeding and growth of Arctic charr (Malmquist et al., 2009). However, increased water temperature 

alone is not considered incontrovertible.  

In 2008 a new possible factor came to light when PKD was identified in Icelandic freshwater for 

the first time. The disease is temperature dependent and therefore it is interesting to examine whether 

conditions for the disease to emerge in Iceland has been present before its first finding in 2008. The 

data from Lake Elliðavatn are unique in its matter because of their continuum. There are not only 

available water temperature figures from late 1980s but also catch figures of Arctic charr and brown 

trout from monitoring by The Institute of Freshwater Fisheries. According to this data the temperature 

has been rising significantly (Figure 9) in parallel with a significant decline of the population of Arctic 

charr while the population of brown trout has remained stable over the same period (Figure 8 and Figure 

10).  

As mentioned before, PKD is temperature dependent and does not emerge in water temperature 

below 12-14°C (Clifton-Hadley et al., 1986; Ferguson, 1981; Foott et al., 1987). According to 

temperature data (see Figure 9) the disease should have had the precondition to emerge in most years 

since 1990. That gives essential data to add PKD as a potential factor in the decline of Arctic charr. It 

should be noted that the analysis of temperature data was only based on mean temperatures from July 
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and August these years. It would have been interesting to examine each month separately and 

particularly May and June which are vital months for bryozoan growth (Wood & Okamura, 2005) and 

release of T.b. spores.  

Research performed during the years 2009-2012 (Kristmundsson et al. unpublished data) 

support that PKD is a factor of importance in the declining populations of Arctic charr. During this period, 

which was characterized by unusually high water temperature (Figure 9), a high proportion of 1-3 year 

old Arctic charr showed extensive signs of PKD. At the same time, the CPUE was very low (Figure 10). 

The following years, 2013-2015, the water temperature dropped in parallel with increased CPUE and 

clinical signs of PKD became uncommon and light.  

Now it is known that the parasite existed in Icelandic ecosystems in 1990s (Table 6) and that 

the possible precondition of temperature for the disease to emerge was reached around 1990 (Figure 

9). This is strong indication that PKD is an influencing factor of the decrease in Arctic charr population 

in Lake Elliðavatn. It is, however, difficult to estimate to what extent the role of the disease is in that 

respect. Both fish species get infected by the parasite and both have shown severe clinical signs of PKD 

but Arctic charr is considered to be highly susceptible for the disease (Brown et al., 1991). Furthermore, 

the Arctic charr is a high arctic species whose ideal temperature for egg hatching and growth is below 

12,0°C (Lyytikainen et al., 2002) while the upper limit for brown trout is 17,0°C (Elliot, 1994). The Arctic 

charr is possibly more susceptible because it is dealing with unfavourable environmental conditions for 

the species (high temperature) and the infection at the same time.  

 

5.3 Progress of T.b. infections during summertime in Iceland  

Until now, systematic monitoring of the progress of infection and clinical symptoms over a whole summer 

had not been performed in Iceland. Three lakes were monitored in summer 2015, two warmer lakes with 

declining Arctic charr population (Lake Elliðavatn and Lake Vífilsstaðavatn) and one colder with strong 

population of Arctic charr (Lake Úlfljótsvatn). Over the years 2009 – 2012, studies were performed in all 

these lakes, but only one sampling, in late September or early October (Árni Kristmundsson, 

unpublished data). The temperature during these years was unusually high and the summers 

considerably warmer than the three following ones (Veðurstofa Íslands, 2016), including 2015, when the 

present study was performed. Hence, as the emerging of PKD depends heavily of higher temperatures, 

the basis for the disease to occur is quite different between the periods 2009-2012 and the year 2015. 

It is therefore interesting to compare the T.b. status of theses lakes, as well as the CPUE (in case 

available), between these years.   

 

5.3.1 Lake Elliðavatn in 2015 compared to severe PKD summers  

The prevalence of T.b. infections, in the summer of 2015, in Lake Elliðavatn was high at all sampling 

times, ranging from 77-97% (see Figure 12). This indicates that the invertebrate hosts, the bryozoans, 

had already begun to release spores in July, when the first sampling was performed. Clinical signs were 

observed in 17-27% and 3-20% of Arctic charr and brown trout, respectively, being highest in August 
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and September. They were however mild in all cases (Stage I) and unlikely to have a negative impact 

on its host.  

The infection status of T.b. in Lake Elliðavatn during the warmer years 2009-2012, was characterized 

by a high prevalence of infections (90-100%).  Clinical signs were also common, ranging from 25-73%, 

but up to 100% in 1-2 year old fish. Furthermore, they were severe (Stage III) in most cases (Árni 

Kristmundsson, unpublished data). It is interesting to compare a summer with high prevalence and 

severity of PKD to the summer of 2015.  In summer 2012 the clinical signs were common in the lake 

(73%) and severe (Stage III) and all fish positive for infection by T.b. (Árni Kristmundsson, unpublished 

data). That summer, the mean temperature of the lake was high, i.e. 9.8°C, 14.9°C, 16.1°C and 14.8°C 

in May to August, respectively (Veðurstofa Íslands, 2016). The summer of 2015 was cold compared to 

2012 as can be seen in Figure 14. The mean temperature only reached 7.8°C in May, 12.1°C in June, 

15.1°C in July and 12.7°C in August, resulted in 77-97% infection prevalence of T.b. but low prevalence 

of mild clinical signs (Stage I).  

It is quite interesting to compare the ratio between Arctic charr and brown trout and the CPUE, during 

the years 2004-2015. In the present study, the ratios of Arctic charr in Lake Elliðavatn was 27% which 

is considerably higher than expected, particularly if these results are put in context with previous years, 

from 2004-2012, when the prevalence of Arctic charr was from 3-15% (see Figure 7). Furthermore, the 

last three years, i.e. 2013-2015, the CPUE for Arctic charr (see Figure 8) has increased compared to 

previous years. This might indicate some recovery of the Arctic charr stock, which could reflect a 

decreasing impact of PKD, due to decreasing temperature in the lake over the last three years.   

 

5.3.2 Lake Vífilsstaðavatn in 2015 compared to severe PKD summers  

During the summer of 2015, the prevalence of T.b. infection was even higher in Lake Vífilsstaðavatn 

than in Lake Elliðavatn, ranging from 87-100% for both Arctic charr and brown trout (Figure 15). As 

observed in Lake Elliðavatn, all clinical signs observed were mild (Stage 1) except for one Arctic charr 

caught in September (Figure 16). After the first identification of PKD in 2008, some observations were 

made in Lake Vífilsstaðavatn in the years 2009 and 2012. In 2012 all fish examined were positive for 

T.b. and of all fish caught, 67% had clinical signs, and for example all fish 2 years old and younger. The 

clinical signs were in many cases severe (Stage III) (Árni Kristmundsson, unpublished data). The 

temperature in Lake Vífilsstaðavatn in 2012 was high compared to summer 2015. In 2012 the mean 

temperature of June (14-30th) was 16.0°C. In July it was 16.5°C and in August it was 15.1°C. In 2015 

these numbers were lower (Figure 17), i.e. the mean temperature June, July and August being 12.6°C, 

15.5°C and 13.2°C, respectively. Despite this relatively low temperature, the prevalence of infections by 

T.b. remained high over the summer (87-100%). Clinical signs were ranged from 0-55%, but as in Lake 

Elliðavatn the symptoms were mild in all cases (Stage I) except for one fish with moderate signs of PKD 

(Stage II).  

Similar to Lake Elliðavatn, the ratio of Arctic charr showed an increase to 36% in the summer of 

2015, compared to data available from 2008, 2009 and 2012 when this ratio was merely 8%, 23% and 

2%, respectively (data from the Institute of Freshwater Fisheries).  



  

60 

5.3.3 Lake Úlfljótsvatn in 2015 

Unlike Lake Elliðavatn and Lake Vífilsstaðavatn, in which the prevalence was high on all sampling dates 

and not markedly different, a gradual increase in the prevalence of T.b. infected fish was observed with 

time in Lake Úlfljótsvatn. The first sampling times, in July and August, 29-43% of the fish proved infected 

with T.b. using PCR. At the two latter sampling dates the prevalence increased in both fish species and 

in the end of October the prevalence had reached to 73% and 100% for Arctic charr and brown trout, 

respectively.  

 Available data on temperature in the lake is scarce. However, the lake is much deeper than Lake 

Elliðavatn and Lake Vífilsstaðavatn and relatively cold (Sturlaugsson, 2011). From October 2009 till 

September 2010 there are records of temperature monitoring in the southern part of the lake. Over that 

summer, the maximum temperature in the lake was 13°C, observed for a couple of weeks, in late July.  

Before July the temperature was always below 10°C (Sturlaugsson, 2011). The summer of 2010 was 

warm in Iceland compared to 2015 (Figure 9) which indicates the lakes temperature to be even colder 

in general and therefore not likely to reach the temperature needed (at least 12°C) for the disease to 

emerge. Furthermore, according to data available from the summer of 2015 from Lake Þingvallavatn, 

from which Lake Úlfljótsvatn gets most of its water, the water temperature during this summer never 

exceeded 12°C and was below 10°C the majority of the summer  (see Figure 20) (Landsvirkjun, 

http://www.landsvirkjun.is). The increasing prevalence of T.b. infections with time in summer 2015, 

indicates delayed progress of infections in the lake, compared to the other two and warmer lakes (Figure 

18). This can most likely be attributed to low temperature the first months of the summer causing a late 

growth of bryozoans in the lake, and consequently later development and exposure of infectious spores 

from the bryozoan into the surrounding water.  

 In 2009, Arctic charr were sampled in Lake Úlfljótsvatn. Results were similar to those observed in 

this study, i.e. infections were fairly prevalent but commonly light and no clinical signs ever observed 

(Kristmundsson et al., unpublished data).   

 The ratio of fish in Lake Úlfljótsvatn 2015 were as predicted during the summer, with 87% of Arctic 

charr and 13% brown trout (Jóhannsson & Guðbergsson, 1999). 

 

5.3.4 Effect of temperature on clinical signs of PKD  

Result from studies performed in 2012 and 2015 (present study), both from Lake Elliðavatn and Lake 

Vífilsstaðavatn, suggest a strong relationship of temperature and clinical signs of the disease. Previous 

research indicates that the critical temperature for the disease to emerge is around 12-14°C (Clifton-

Hadley et al., 1986; Ferguson, 1981; Foott & Hedrick, 1987) but the majority of results from research is 

on handling rainbow trout in a controlled environment. It is not easy to pinpoint the exact temperature 

needed for the disease to emerge in the natural environment where the temperature fluctuates during 

the summer, even within the same day. The difference between a summer when severe symptoms of 

PKD occur (2012) and one when only mild symptoms in lower prevalence are observed (2015) appears 

to be approximately 2-3°C in Iceland, depending on which month is taken in account. In 2012, the mean 

temperature of June in both lakes reached 15°C while in 2015 the mean temperature in both lakes barely 

http://www.landsvirkjun.is/
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reached 12.5°C in June. According to the literature it takes at least 6-8 weeks for the fish to develop 

clinical symptoms post infection by T.b. (Brown et al., 1991; Longshaw et al., 2002). If May and June 

are not warm enough and the critical temperature for the disease to emerge is only reached in July it is 

possible that the remaining weeks of an Icelandic summer are too few for the fish to develop clinical 

signs before it starts to get colder again. In view of low temperatures in the summer of 2015, the low 

prevalence of clinical signs (and low severity) does not come as a surprise. In 2013-2015 the mean 

temperature in the summer months of Iceland dropped compared to the temperature in 2007-2012 (see 

Figure 9) and the decrease in clinical signs of PKD followed (Árni Kristmundsson, unpublished data).  

 

5.3.5 Intensity of infections  

There are obvious differences in intensity of infections between lakes (Figure 12, 15 and 18). Lake 

Úlfljótsvatn has the lowest intensity which is consistent with temperature in these lakes. The intensity is 

based on strength of bands in PCR and examination of histological slides. These results are therefore 

only indicative with regard to correlation between infection intensity and temperature.  

 

5.4 Is Arctic charr a dead-end-host for the parasite? 

In order for T.b. to finish its life cycle it develops infectious spores in the kidney tubules of salmonids.  

The North-American strain of T.b. has been shown to develop infectious spores in Arctic charr and 

therefore finish its life cycle. However, to our best of knowledge, sporogonic stages have never been 

identified in Arctic charr in territories of the European strain of T.b. (Morris & Adams, 2008). According 

to recent studies (Mark Freeman, personal communication) the T.b. strain in Iceland is identical to the 

strain observed in the UK.  

 In Iceland there are numerous lakes where the only salmonid species is Arctic charr. Lake Hraunvatn 

and Lake Mjóavatn are examples of “pure” Arctic charr lakes. It was interesting to examine whether the 

parasite existed in these lakes. In Lake Mjóavatn, the parasite was identified with diagnostic PCR in 

40% of samples in 2014 and 80% of samples in 2015. In Lake Hraunvatn the parasite was detected by 

histological examination in 60% of samples. These lakes therefore seem a suitable habitat for the 

parasite. However, this fact alone is not enough to confirm the ability of the European strain to develop 

infectious spores in Arctic charr and its ability to complete its life cycle.  It has been shown that that 

vertical infection can occur in the bryozoan host where infected bryozoan can pass infections to their 

distribution forms, the statoblasts. The presence of infected bryozoan alone is therefore sufficient to 

sustain T.b. infections in a freshwater ecosystem, through covertly infected statoblasts (Abd-Elfattah et 

al., 2014; Hartikainen et al., 2013).  

The parasite has two major developmental stages in the kidney, extrasporogonic stages in the 

interstitium and sporogonic stages (sporogony) inside the kidney tubules. The extrasporogonic stage of 

T.b. is composed of a primary cell which contains one or more secondary cells. In the kidney tubules 

the secondary cells are released from the primary cells to form the sporogonic stages of the parasite 
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(Demateo et al., 1993; Morris et al., 1997). The end product of sporogony are the infective spores which 

the fish host releases via urine into the water column to continue the life cycle of the parasite.  

Numerous forms, that were potentially T.b, were identified inside kidney tubules in histological 

samples of kidneys in Arctic charr caught in summer 2015, both in HE-staining and IHC staining, but 

they could not  be confirmed as T.b. (see Figure 23a). Mo et al. (2011) encountered a similar concern, 

they observed spore-like structures similar to T.b. spores in Atlantic salmon (Salmo salar) and sea trout 

(S. trutta) which were negative for T.b. in real-time PCR and they could not determine whether these 

spores were T.b. or other myxozoans. To be able to confirm forms of T.b. inside the kidney tubules of 

Arctic charr, histological sections of kidney from an Arctic charr with severe clinical symptoms (from 

Lake Vífilsstaðvatn in 2009) were stained using in situ hybridization. The probes used in the 

methodology had been used before for the same purpose in rainbow trout with good results (Morris et 

al., 1999). In situ hybridization (ISH), were the DNA of the parasite is stained brown, showed forms of 

both extrasporogonic and sporogonic forms of T.b. (Figure 23, 24 and 25) and therefore confirmed these 

unidentifiable forms to be sporogonic stages of T.b. These findings are new to the literature and have 

not, to the best knowledge of the author, been confirmed before. These findings strongly suggest that 

Arctic charr in Iceland is an active host in the life cycle of the European strain of T.b. However, for 

confirm that without any doubt, transmission studies should be performed.   
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6 Conclusions 

Before 2008, proliferative kidney disease was not known in Iceland. Following the first identification of 

the disease, extensive research has been ongoing, most of which still remains to be published (Árni 

Kristmundsson, unpublished data). These studies have focused on the distribution of the parasite and 

the possible negative effects of the disease on salmonid populations in Iceland, especially the Arctic 

charr, which have experienced a drastic population decline in numerous lakes over the past two decades 

(Malmquist et al., 2009).  

 The parasite existed in Icelandic ecosystems long before the disease was first identified (at least 

since 1994). However, there are indications of a widening distribution of the parasite in Iceland during 

the last 10-15 years, possibly by statoblasts. The summers of 2013-2015 were cold compared to 

previous years. Fish caught in summer 2015 had a high prevalence of infection by the parasite but lower 

prevalence and only mild symptoms of PKD. The summers of 2009-2012 were considerably warmer 

and fish caught, in various lakes in these years, showed severe symptoms of PKD. This indicates a 

strong relationship between temperature and clinical symptoms of PKD in Icelandic waters, as described 

elsewhere (e.g. Okamura et al. 2015). The long term temperature data from Lake Elliðavatn indicate 

that environmental conditions have been present for the disease to emerge since the beginning of the 

1990s. At the same time, many populations of Arctic charr in Iceland have experienced a drastic decline. 

However, CPUE in Lake Elliðavatn has been increasing the last three years, which have been relatively 

cold. These data strongly suggest that PKD is a factor of influence in the decline of Arctic charr 

populations in Iceland.  

 Arctic charr in Europe, has long been thought to be unable to produce infective spores and hence 

considered a dead-end-host (Morris & Adams, 2008). In the present study, sporogonic forms of T.b. 

were found in kidney tubules of Arctic charr using in situ hybridization. This is, to our best of knowledge, 

a novel finding, which suggests that Arctic charr, at least in Iceland, is a suitable host for T.b. and able 

to serve as active host in the life cycle of the parasite.   
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