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Abstract		

Unionoid	 mussels	 are	 globally	 threatened	 and	 their	 conservation								
requires	 species-specific	knowledge	on	 their	ecology	and	parasite-host	
interaction.	Unio	 crassus	 is	 one	 of	 Europe’s	most	 threatened	 unionoid	
species	and	has	a	 temporary	obligate	parasitic	 life	stage	(glochidia)	on	
fish.	 A	 lack	 of	 suitable	 hosts	 is	 probably	 a	major	 limitation	 for	mussel	
recruitment,	but	host	species	composition,	suitability	and	availability	in	
time	 and	 space	 have	 yet	 to	 be	 fully	 explored.	 This	 thesis	 examines	
different	 aspects	 of	 the	 host	 fish	 species,	 including	 their	 composition,	
suitability	and	ecological	importance,	in	relation	to	U.	crassus,	using	both	
field	and	 laboratory	 studies.	The	effects	of	mussel	and	host	density	on	
mussel	 reproductive	 potential	 were	 considered,	 as	 were	 aspects	 of	
evolutionary	 adaptations	 between	 mussels	 and	 fish	 and	 how	 climate	
change	may	affect	their	interaction.	
	
The	 results	 show	 that	 U.	 crassus	 is	 a	 host	 generalist,	 parasitizing	 a	
variety	of	fish	species.	Host	suitability	and	density,	which	varied	among	
fish	 species	 and	 rivers,	 affected	 the	 level	 of	 glochidia	 encapsulation,	
hence	 mussel	 reproductive	 potential,	 more	 so	 than	 the	 density	 of	
mussels	 taking	 part	 in	 reproduction.	 Ecologically-important	 hosts	
included	both	highly	suitable	primary	hosts,	and	less	suitable	hosts	that	
were	 highly	 abundant.	Whether	 or	 not	U.	 crassus	 has	 specific	 adapta-
tions	 to	 its	 hosts	 to	 enhance	 juvenile	 transformation	 remains	 unclear.	
No	 distinct	 pattern	 of	 local	 adaptation	 was	 found,	 nor	 was	 there	 an	
effect	 of	 host	 fish	presence	on	 the	 timing	of	 glochidia	 release	by	 adult	
mussels.	Instead,	temperature	played	a	major	role,	with	results	suggest-
ing	 that	 changes	 in	 spring	 water	 temperature	 regimes	 can	 cause	
temporal	 and	 spatial	 mismatches	 in	 the	 mussel-host	 interaction.	 This	
thesis	indicates	that	investigations	of	local	mussel-host	interactions	help	
in	 identifying	 mechanisms	 important	 for	 unionoid	 conservation	
management	and	prioritization.	
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Svensk	sammanfattning	

Många	 sötvattenmusslor	 har	 en	 komplex	 livscykel	 där	 larverna		
(glochidier)	 under	 sin	 utveckling	 till	 frilevande	musslor	 parasiterar	 på	
gälarna	 hos	 lämpliga	 värdfiskar.	 Flera	 av	 våra	 musslor,	 såsom	 den	
tjockskaliga	 målarmusslan	 Unio	 crassus,	 är	 globalt	 hotade	 och	 för	 att	
kunna	bevara	och	förvalta	dessa	arter	på	bästa	sätt	behöver	vi	 lära	oss	
mer	 om	 deras	 ekologi	 och	 samspelet	 mellan	 musslan	 och	 dess					
värdfiskar.	 Avsaknaden	 av	 värdfiskar	 innebär	 förmodligen	 en	 stor	
begränsning	 för	rekryteringen	av	 juvenila	musslor,	men	det	 finns	 trots	
detta	 en	 begränsad	 kunskap	 om	 hur	 artsammansättningen	 i	 fisksam-
hället	och	dess	tillgänglighet	påverkar	musselpopulationer.			

Min	 avhandling	 undersöker	 olika	 aspekter	 av	 interaktioner	 mellan									
U.	crassus	och	dess	värdfiskar,	som	hur	värdfisksamhällen	och	fiskarters	
värdlämplighet	påverkar	musslans	reproduktionspotential.	Jag	har	även	
studerat	 hur	 tätheter	 av	 olika	 fiskarter	 och	 vuxna	 musslor	 påverkar					
rekryteringen,	 eventuella	 evolutionära	 anpassningar	 samt	 om	 en	
förhöjd	 temperatur	 skulle	 kunna	 påverka	 interaktionen	 mellan																
U.	crassus	och	dess	värdfiskar.		

Resultaten	 visar	 att	U.	 crassus	 är	 en	 generalist	 som	 parasiterar	 på	 en	
mängd	 olika	 fiskarter.	 Jag	 fann	 dock	 en	 stor	 variation	 i	 dominerande	
fiskarter	och	 lämpliga	värdar	mellan	olika	åar,	vilket	påverkade	repro-
duktionspotentialen	hos	musslorna	mer	än	vad	tätheten	vuxna	musslor	
som	deltog	i	reproduktionen	gjorde.	Som	ekologiskt	viktiga	värdar	fanns	
således	 både	 särskilt	 lämpliga,	 primära	 värdarter,	 men	 också	 mindre	
lämpliga	 arter	 som	 förekom	 i	 höga	 tätheter.	 Ingen	 tydlig	 lokal	 anpass-
ning	kunde	observeras,	och	 fiskens	närvaro	påverkade	 inte	 tidpunkten	
för	när	de	vuxna	musslorna	släppte	sina	glochidielarver.	Däremot	 fann	
jag	 att	 temperaturen	 spelade	 en	 viktig	 roll	 för	musslans	 reproduktion,	
där	 ökad	 temperatur	 föreslås	 ha	 negativa	 effekter	 på	 interaktionen	
mellan	musslan	och	dess	värdfiskar.	Avhandlingen	visar	på	vikten	av	att	
studera	 interaktioner	 mellan	 den	 tjockskaliga	 målarmusslan	 och	 dess	
värdar	 på	 lokal	 skala	 för	 att	 bättre	 kunna	 identifiera	 och	 prioritera	
viktiga	naturvårdsåtgärder.		 	
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Introduction	
 
The	 long	 and	 complex	 life	 cycles	 of	 unionoid	 freshwater	 mussels	 are	
comprised	 of	 sophisticated	 life-history	 traits	 and	 evolutionary	 adapta-
tions	 to	 habitat	 and	 host	 fish	 (Box	 1),	 and	 therefore	 impose	 high	
vulnerability	to	ecosystem	disturbances	and	human	activities	(Strayer	et	
al.	2004;	Barnhart	et	al.	2008).	Mussels	are	highly	sensitive	to	overhar-
vesting,	 water	 pollution,	 exotic	 species	 introductions,	 and	 habitat	
destruction	and	modification	(Bauer	and	Wächtler	2001;	Zahner-Meike	
and	 Hanson	 2001;	 Strayer	 2008;	 Österling	 et	 al.	 2010).	 This	 can	 be	
directly	 linked	 to	 the	 long	 generation	 times	 of	 mussels,	 their	 benthic	
filter	 feeding	 life	 style,	 relatively	 low	 adult	 and	 juvenile	 mobility,	 and	
host	dependency,	in	particular,	as	anthropogenic	impacts	on	nature	also	
affect	fish	(Strayer	et	al.	2004;	Bogan	2008).	A	lack	of	suitable	host	fish	
can	lead	to	a	lack	of	juvenile	recruitment,	impairing	population	density,	
potentially	 leading	 to	 species	 extinctions	 (Zale	 and	 Neves	 1982;	
Arvidsson	 et	 al.	 2012).	 Since	 the	 industrial	 revolution	 in	 the	 19th	
century,	severe	global	declines	in	unionoid	species	and	populations	have	
occurred	 (Lydeard	 et	 al.	 2004).	 This	 renders	mussels	more	 imperilled	
than	most	other	freshwater	organisms	today	(Lopes-Lima	et	al.	2014b).	

The	 loss	 of	 unionoid	mussels	 has	 profound	powerful	 ecological	 conse-
quences	 (Vaughn	 2010).	 Considerable	 evidence	 suggests	 that	 these	
benthic	 bivalves	 are	 keystone	 species	 in	 freshwaters,	 substantially	
contributing	 to	 water	 purification,	 nutrient	 cycling,	 biodeposition,	
sediment	mixing	 and	 stabilization,	 with	 positive	 effects	 on	 freshwater	
biodiversity	 (Vaughn	and	Hakenkamp	2001;	Howard	and	Cuffey	2006;	
Aldridge	 et	 al.	 2007;	 Vaughn	 et	 al.	 2008).	 Preserving	 the	 ecosystem	
functions	and	services	that	unionoids	provide	is	of	global	interest	(Geist	
2015;	Lopes-Lima	et	al.	2016)	and	has	been	specified	 in	 legislation	e.g.	
the	Habitats	Directive	(Council	of	the	European	Communities	1992)	and	
the	 European	 Water	 Framework	 Directive	 (Council	 of	 the	 European	
Communities	 2000).	 These	 legislations	 advance	 unionoid	 conservation	
with	 successful	 management	 for	 several	 species,	 including	 habitat	
restoration,	 captive	 breeding	 and	 re-introduction	 of	 mussels	 and	 host	
fish	(Collier	et	al.	2016;	Lopes-Lima	et	al.	2016).		
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The	 thick-shelled	 river	 mussel	 Unio	 crassus	 is	 one	 of	 Europe’s	 most	
endangered	 freshwater	mussel	 species	 (Bjelke	 et	 al.	 2010;	 Lopes-Lima	
et	 al.	 2016).	 Because	 of	 its	 critical	 status	 –	 up	 to	 90	 %	 population	
declines	 in	 the	most	 industrialized	 regions,	 plus	 local	 extinctions,	 this	
stream-dwelling	 species	 is	 highly	 prioritized	 in	 conservation	 (Lopes-
Lima	et	al.	2014a).	Thus,	U.	crassus	has	been	in	focus	of	several	conser-
vation	projects	and	scientific	investigations,	with	recent	efforts	to	define	
its	 ecological	 niche	 (Stoeckl	 2016).	 However,	 high	 intra-species	 varia-
tion	 in	 morphology,	 behaviour,	 habitat	 requirements	 and	 host	 fish	
species	 occur	 among	 geographic	 areas	 (Lopes-Lima	 et	 al.	 2016),	
complicating	holistic	conservation	approaches	for	U.	crassus.	Moreover,	
most	studies	have	only	been	performed	in	the	central	and	southeastern	
distribution	range	of	the	species,	and	consequently	there	is	still	relative-
ly	 little	 information	 about	 U.	 crassus	 in	 its	 northern	 distribution.	
Together	with	the	importance	of	local	investigations	for	on-site	conser-
vation	efforts,	this	latter	aspect	highlights	the	need	for	further	research	
in	 the	 entire	 distribution	 area	 of	 the	 species.	 Such	 research	 should	
consider	 both	mussel	 ecology	 (e.g.	 critical	 population	 sizes,	 reproduc-
tion	timing	and	success)	and	host	fish	interactions	(e.g.	host	fish	species,	
host	 availability	 and	 local	 adaptation).	 Moreover,	 to	 predict	 future	
mussel	 population	 dynamics,	 it	 is	 essential	 to	 identify	 how	 climatic	
changes	 affect	 the	 mussel-host	 relationship	 as	 temporal	 and	 spatial	
mismatches	between	mussel	reproduction	and	host	presence	are	likely	
to	occur	and	potentially	cause	mussel	 reproduction	 failure	and	 further	
extinction	(Cosgrove	and	Hastie	2001;	Cosgrove	et	al.	2012;	Pandolfo	et	
al.	2012).		

To	shed	light	on	the	ecology	and	host-parasite	interactions	of	U.	crassus	
in	 its	 Swedish	 distribution	 area,	 with	 the	 aim	 of	 improving	 mussel	
conservation,	this	thesis	consists	of	studies	on	the	mussel	reproduction	
period	 and	 effects	 of	 mussel	 and	 host	 fish	 densities	 on	 recruitment	
potential	(Paper	I).	Moreover,	the	composition	and	density	of	host	fish	
species	were	investigated	(Paper	II),	as	were	local	adaptation	patterns	
in	U.	crassus	(Paper	III).	Finally,	this	thesis	includes	consideration	of	the	
timing	 of	 glochidia	 release	 in	 relation	 to	 spring	 water	 temperatures	
deviating	from	normal,	and	to	host	fish	presence/absence	(Paper	IV).		
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Box	1.	The	life	cycle	of	unionoid	mussels	exemplified	by	U.	crassus	

	
	
The	 life	 cycle	 of	 most	 large	 freshwater	 musses	 (Bivavia:	 Unionoida)	
includes	a	larval	stage	as	an	obligate,	temporary	parasite	on	fish	(Watters	
2001;	 Barnhart	 et	 al.	 2008).	 Adult	 mussels	 release	 their	 mussel	 larvae	
(glochidia)	 to	 the	 free	 flowing	 water	 after	 extensive	 brooding.	 The	
glochidia	must	attach	to	a	suitable	host	fish	before	transforming	into	free-
living	juveniles.	In	U.	crassus,	successful	metamorphosis	takes	place	on	the	
fish	 gills,	 where	 glochidia	 are	 encapsulated	 by	 fish	 tissue	 for	 about	 four	
weeks,	depending	on	temperature.	Juveniles	 then	fall	off	 the	host,	bury	 in	
the	 riverbed	 for	 about	 three	 years,	 where	 they	 develop	 to	 filter-feeding	
adult	mussels.	During	reproduction,	adult	mussels	emerge	to	the	sediment	
surface,	 where	 males	 eject	 sperm	 that	 is	 filtered	 through	 the	 gills	 of	
females.	 Eggs	 stored	 in	 female	 brood	 pouches	 (marsupia)	 get	 fertilized	
(Fig.	1a)	and	 transform	 to	glochidia.	The	 release	of	 glochidia	occurs	non-
synchronously	within	populations	and	at	multiple	spawning	events	during	
spring	 and	 early	 summer	 (Hochwald	 1997).	 U.	 crassus	 inhabits	 lotic	
freshwaters,	 where	 it	 reaches	 about	 8	 to	 50	 years	 on	 average	 over	 its	
distribution,	with	90	years	reported	as	 its	maximum	 life	 span	 (Hochwald	
2001;	Lundberg	and	Proschwitz	2004).	
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What	to	preserve?	

The	 ongoing	 loss	 of	 biodiversity	 is	 a	 global	 concern	 and	 poses	 high	
pressure	 on	 nature	 and	 mankind	 (Cardinale	 et	 al.	 2012).	 Trade-offs	
between	socioeconomic	and	biological	values	may	however	preclude	the	
preserving	all	threatened	species	and	habitats	(Myers	et	al.	2000;	Mace	
2010).	 Prioritization	 of	 conservation	 units,	 e.g.	 biodiversity	 hot	 spots,	
keystone	 species	 or	 habitats,	 is	 thus	 required	 (Leader-Williams	 et	 al.	
2010).	 Such	 should	 be	 based	 on	 evaluation	 of	 intrinsic	 biodiversity	
values	 (Soulé	 1985)	 and	 ecosystem	 functions	 and	 services	 (Luck	 et	 al.	
2003;	 Kapos	 et	 al.	 2010).	 Large	 populations,	 conveying	 important	
ecosystem	 functions	 and	 services,	 are	 often	 prioritized	 before	 small	
populations	 (Geist	 2015).	 However,	 it	 has	 been	 shown	 that	 large	
populations	may	not	always	be	 the	most	valuable	 for	conservation,	 for	
instance	 if	 genetic	 variation	 is	 lower	 than	 in	 small	 populations	 (Geist	
2010).	Moreover,	small	populations	can	carry	rare	and	valuable	alleles	
that	 get	 lost	 if	 habitat	 destruction	 and	 fragmentation	 promote	 further	
population	 isolation	 and	 Allee	 effects,	 potentially	 leading	 to	 extinction	
when	 population	 sizes	 fall	 below	 certain	 thresholds	 (Nunney	 and	
Campbell	 1993;	 Berec	 et	 al.	 2006;	 Berg	 et	 al.	 2008).	 Hence,	 choosing	
conservation	 units	 when	 developing	 management	 strategies	 of	 highly	
threatened	keystone	 species	 should	 consider	 effects	 of	 population	 size	
and	 density	 on	 reproduction	 potential	 (Simberloff	 and	 Abele	 1982;	
Nunney	and	Campbell	1993).	

For	 unionoid	 freshwater	 mussels,	 knowledge	 of	 the	 effects	 of	 mussel	
and	host	fish	densities	on	recruitment	potential	is	essential	for	describ-
ing	 population	 dynamics,	 and	 hereby	 the	 conservation	 value	 of	 focal	
locations	 (Strayer	 2008).	 Below	 a	 certain	 minimum	 viable	 population	
size	 reduced	 reproduction	 success	 in	 mussels	 has	 been	 suggested	 to	
result	 from	 fertilization	 failure	 (Downing	 et	 al.	 1993).	 Nevertheless,	
hermaphroditism	 has	 been	 suggested	 to	 occur	 in	 some	 species	 at	 low	
mussel	density	(Bauer	2001b),	mussels	were	found	to	aggregate	during	
reproduction	 (Amyot	 and	 Downing	 1998),	 and	 spermatozeugmata	
(sperm	packages)	can	drift	over	long	distances	in	rivers	(Ferguson	et	al.	
2013),	 suggesting	 that	 fertilization	may	 not	 be	 a	 limiting	 factor	 above	
such	 critical	 thresholds	 (Mosley	 et	 al.	 2014).	 However,	 for	 unionoids	
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with	 a	 parasitic	 life	 stage	 on	 fish,	 mussel	 abundance	 and	 community	
structure	 are	 strongly	 determined	 by	 host	 suitability,	 availability	 and	
composition	 (Vaughn	and	Taylor	2000;	Spooner	 et	al.	2011;	Arvidsson	
et	al.	2012;	Haag	and	Stoeckel	2015).	In	particular,	this	is	due	to	mussel	
species-specific	 host	 compatibility	 affected	 by	 fish	 immune	 responses	
and	behavioural	and	life-history	traits	of	both	mussels	and	fish	(Jansen	
et	al.	2001;	Berg	et	al.	2008;	Levine	et	al.	2012).	Thus,	consideration	of	
host-parasite	 interactions	 and	host	 fish	density	 and	 availability	 during	
mussel	 reproduction	 is	 imperative	 for	 any	 prioritization	 attempt	 on	
conservation	 locations	 when	 management	 trade-offs	 include	 social	
needs	that	are	in	conflict	with	unionoid	conservation.		
	

Host	fish	suitability,	availability	and	composition		

Parasite-host	 interactions	 can	 lead	 to	 changes	 in	 life-history	 traits,	
affecting	 parasite	 fitness	 and	 host	 suitability	 (Kaltz	 and	 Skyhoff	 1998;	
Blanquart	 et	 al.	 2013).	 Many	 unionoid	 mussel	 species	 have	 evolved	
traits	 that	 enhance	 host	 fish	 infestation	 in	 time	 and	 space,	 e.g.	 host	
recognition	 and	 host	 attraction	 strategies	 (Bauer	 2001b;	 Haag	 and	
Warren	 2003;	 Barnhart	 et	 al.	 2008).	 In	 fish	 hosts,	 in	 turn,	 immune	
responses	and	behaviours	(e.g.	scratching	off	glochidia	from	body	parts,	
Harms	 1907)	 have	 evolved	 to	 reduce	 possible	 negative	 effects	 of	
parasites,	affecting	host	suitability	for	mussels.	While	glochidia	attached	
to	gills	or	fins	become	encapsulated	by	fish	tissue	as	a	result	of	wound	
closure,	leading	to	transformation	into	juvenile	mussels	on	suitable	host	
fish,	glochidia	are	expelled	by	non-hosts	in	about	one	day	(Arey	1932a,	
1932b;	 Dodd	 et	 al.	 2005).	 Expulsion	 can	 occur	 as	 a	 result	 of	 a	 first	
glochidia	 encounter	 in	 fish	with	natural	 immunity	 or	 after	 subsequent	
encounters	 in	 fish	 that	 acquire	 immunity	 (Arey	 1932a).	 Older,	 thus	
larger,	fish	can	therefore	be	less	suitable	hosts	compared	to	younger	and	
smaller	 fish,	 especially	 when	 glochidia	 grow	 considerably	 on	 fish,	
causing	 mechanical	 damage	 during	 long	 parasitism	 (several	 weeks	 to	
months)	as	in	the	case	for	e.g.	the	freshwater	pearl	mussel	Margaritifera	
margaritifera	(Bauer	1994;	Österling	2015).	Host	suitability	thus	greatly	
affects	juvenile	transformation	success.		
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The	host	 fish	range	of	unionoid	mussels	 is	mainly	species-specific,	and	
co-evolution	 of	 mussels	 and	 fish,	 including	 adaptive	 fish	 immune	
response,	 is	 considered	 an	 underlying	 mechanism	 for	 host	 specificity	
(O'Connell	 and	 Neves	 1999;	 Rogers	 et	 al.	 2001).	 Specialist	 mussels,	
mostly	occurring	 in	headwaters,	 e.g.	M.	margaritifera,	 have	one	or	 two	
compatible	 host	 fish	 species	 to	 which	 they	 can	 show	 sophisticated	
adaptations	(Wächtler	2001).	Host	generalists	can	parasitize	a	multitude	
of	fish	species	for	shorter	periods	and	often	occur	in	larger	watersheds,	
e.g.	Anodonta	 spp.	 (Bauer	 1994;	Haag	 and	Warren	 1998).	 If	 these	 fish	
species	 vary	 in	 life-history	 traits,	 behaviours	 and	 sensitivity	 levels	
towards	temperature	fluctuations	and	habitat	modification,	for	example,	
they	can	contribute	to	host	redundancy	(Spooner	et	al.	2011).	Thus,	host	
generalists	 may,	 according	 to	 the	 hypothesis	 of	 ecological	 resilience	
(Peterson	 et	 al.	 1998),	 better	 persist	 host	 bottlenecks	 and	 habitat	
disturbances	than	host	specialists.		

Predicting	 population	 dynamics	 of	 unionids	 and	 avoiding	 further	
population	 declines	 relies	 on	 the	 identification	 of	 the	 host	 fish	 range.	
Host	suitability	and	availability	should	therefore	be	evaluated	on	small	
and	 larger	 geographic	 scales.	 Laboratory	 investigations	 can	 identify	
possible	 ‘physiological	 hosts’,	 whereas	 field	 investigations	 of	 natural	
glochidiosis	 and	 juvenile	 transformation	 success	 reveal	 important	
‘ecological	 hosts’	 (Levine	 et	 al.	 2012).	 The	 importance	of	 an	 ecological	
host	fish	depends	on	presence	and	abundance	of	the	fish	during	mussel	
reproduction,	 fish	 migration	 behaviour,	 and	 suitability	 for	 glochidia	
survival	(Strayer	2008).	

U.	crassus	has	been	described	as	an	intermediate	host	generalist	as	it	is	
able	to	parasitize	on	a	variety	of	fish	species,	but	not	all	species	of	a	fish	
community	 (Bauer	 2001a).	 Primary	 hosts	 are	 suggested	 to	 be	 repre-
sented	 by	 e.g.	 Phoxinus	 phoxinus,	 Cottus	 gobio,	 Squalius	 cephalus,	
Gasterosteus	actuleatus,	Scardinius	erythrophthalmus	and	Chondrostoma	
nasus	(Hochwald	1997;	Douda	et	al.	2012;	Stoeckl	et	al.	2014;	Lamand	et	
al.	 2016).	 However,	 host	 compatibility	 of	 these	 fish	 species	 varies	
between	both	species	and	geographic	areas	(Douda	et	al.	2012;	Taeubert	
et	 al.	 2012).	As	 U.	 crassus	 inhabits	 a	wide	 range	 of	watersheds	 –	 from	
small	 streams	 to	 large	 rivers	 holding	 different	 fish	 communities	
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(Hochwald	2001),	such	variability	may	be	based	upon	evolutionary	co-
adaptations	 between	 mussels	 and	 fish	 (Rogers	 et	 al.	 2001;	 Geist	 and	
Kuehn	2008).		
	

Local	adaptation	in	the	parasite-host	system	of	unionids		

Host-parasite	 systems	 are	 excellent	 models	 for	 studies	 of	 coevolution	
(Thompson	1994).	Reciprocal	selection	pressure	and	arms	race	dynam-
ics	between	 the	 antagonists	 can	drive	 changes	 in	 fitness-related	 traits,	
potentially	 leading	to	 local	adaptation	(Blanquart	et	al.	2013;	Box	2).	A	
large	 amount	 of	 literature	 suggests	 that	 host	 specialists	 are	 locally	
adapted	to	their	hosts	more	often	than	are	host	generalists,	particularly	
when	they	are	life-time	parasites	(summarized	by	Poulin	2007).		

Unionoid	mussels	are	temporary	macroparasites	with	longer	generation	
times	 than	 their	host	 fish	 (usually	>	10	years,	 Israel	1913),	potentially	
reducing	 the	 adaptation	 potential	 to	 their	 hosts.	 The	 few	 studies	
conducted	 on	 local	 adaptation	 patterns	 of	 unionoids	 partly	 suggest	
sympatric	 host	 strains	 to	 be	more	 suitable	 than	 allopatric	 host	 strains	
(e.g.	Rogers	et	al.	2001;	Geist	and	Kuehn	2008),	although	no	conclusive	
patterns	have	been	shown	(e.g.	Österling	and	Larsen	2013;	Caldwell	 et	
al.	2016).		

Whether	or	not	freshwater	mussels	are	adapted	to	their	local	hosts,	i.e.	if	
they	 depend	 upon	 specific	 strains	 of	 host	 fish	 species,	 is	 of	 crucial	
importance	for	mussel	conservation	and	management	(Strayer	2008).	In	
particular,	 conservation	 actions	 such	 as	 mussel	 rearing	 and	 re-
introduction	or	host	fish	stocking	require	knowledge	on	the	mussel-host	
interaction	 of	 focal	 mussel	 populations,	 as	 e.g.	 the	 juvenile	 transfor-
mation	 success	 may	 vary	 considerably	 between	 host	 strains	 and	
populations	 (Österling	 and	 Larsen	 2013;	 Douda	 et	 al.	 2014;	 Österling	
and	Söderberg	2015).	 Insights	 in	 the	 temporal	and	spatial	 relationship	
of	mussels	and	their	host	fish	are	thus	essential	to	consider	in	conserva-
tion	 efforts	 as	 parasitic	 adaptations	 to	 host	 availability	 and	 phenology	
can	enhance	mussel	reproduction	success.	
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Box	2.	Local	adaptation	theory		

In	theory,	locally	adapted	organisms	show	higher	mean	population	fitness	
when	 interacting	 with	 local	 (sympatric)	 than	 with	 foreign	 (allopatric)	
antagonists	 (Williams,	 1966).	 For	 parasite-host	 systems	 it	 is	 commonly	
predicted	that	parasites	with	short	generation	times,	large	population	sizes,	
high	migration	and	mutation	rates	and	high	host	 specificity	have	a	higher	
evolutionary	potential	than	their	hosts,	and	therefore	represent	the	locally	
adapted	 antagonists	 (Gandon	 and	 Michalakis,	 2002).	 Whether	 there	 is	
pattern	 of	 local	 adaptation	 or	 not	 can	 be	 tested	 in	 common	 garden	
experiments	 where	 host	 strains	 from	 two	 or	 more	 habitats	 are	 cross-
infested	with	 their	 sympatric	 and	 allopatric	parasites.	 Theoretically,	 local	
adaptation	occurs	when	all	sympatric	host-parasite	combinations	result	in	
higher	parasite	fitness	than	all	allopatric	combination,	satisfying	the	‘local	
versus	foreign’	criterion	(Kawecki	and	Ebert	2004,	Box	Fig.	1a,	b),	but	not	
when	parasite	fitness	is	highest	on	its	sympatric	compared	to	its	allopatric	
host	 from	 one	 habitat	 only	 (Box	 Fig.	 1c),	 satisfying	 the	 ‘home	 vs.	 away’	
criterion	 (Box	 Fig.	 1a,	 c).	 Results	 that	 conform	 to	 the	 ‘home	 vs.	 away’	
criterion	 imply	 that	 some	 parasite	 strains	 can	 hold	 highest	 fitness	 inde-
pendent	on	host	strain	origin,	not	being	consistent	with	the	theory	of	local	
adaptation.	None	of	the	two	criteria	is	met	when	a	sympatric	host-parasite	
combination	 results	 in	 lower	 parasite	 fitness	 than	 all	 the	 other	 combina-
tions	(Box	Fig.	2d).		

	
	
		

	
	
	

	

Box	 Figure	 1.	 Hypothetical	
effects	 of	 host-parasite	 interac-
tions	 on	 parasite	 fitness	 in	 a	
hypothetical	 example	 with	 hosts	
from	two	habitats.	Solid	lines	and	
squares:	 the	 average	 of	 parasites	
living	 in	 a	 sympatric	 relation	
(sym)	 with	 host	 1	 and	 in	 an	
allopatric	relation	(allo)	with	host	
2;	 dotted	 lines	 and	 circles:	 the	
average	 of	 parasites	 living	 in	 a	
sym	with	host	2	and	in	a	allo	with	
host	 1.	 The	patterns	 in	 a)	and	b)	
satisfy	 the	 ‘local	 vs.	 foreign’	
criterion.	The	pattern	in	a)	and	c)	
satisfy	 the	 ‘home	 vs.	 away’	
criterion.	 The	 average	 difference	
between	 the	 ‘sympatric’	 and	
‘allopatric’	 parasite-host	 combi-
nation	 is	 the	 same	 in	 all	 graphs.	
Modified	from	Kawecki	and	Ebert	
(2004).		
	

	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

12	
	

Match-mismatch	in	mussel	reproduction	timing	and	host	availability	
as	a	result	of	climate	change	

Synchronization	 of	 life	 history	 traits	 (e.g.	 reproduction,	 active	 growth	
and	development)	with	resource	availability	(e.g.	food	or	host	availabil-
ity	 in	parasites)	 is	 an	 evolutionary	 trait	 of	 animals	 (Visser	 et	 al.	 1998;	
Bradshaw	et	al.	2004).	In	seasonal	environments,	such	synchronization	
can	 be	 initiated	 by	 environmental	 cues,	 e.g.	 temperature	 changes	 in	
spring	(Stenseth	and	Mysterud	2002).	Here,	selection	pressure	to	track	
resources	 can	 drive	 phenological	 adaptations	 (Lieth	 1974).	 However,	
temperature	 fluctuations	 linked	with	 climate	 change	 can	 cause	pheno-
logical	shifts,	e.g.	earlier	animal	migration	and	reproduction	(Parmesan	
2006).	In	complex	species	interactions,	such	as	the	parasite-host	system	
of	 freshwater	 mussels,	 changes	 in	 phenology	 may	 cause	 mismatches	
between	mussel	reproduction	timing	and	host	 fish	availability,	convey-
ing	 negative	 consequences	 for	 mussels	 (Hastie	 and	 Young	 2003;	
Cosgrove	 et	 al.	 2012;	 Paull	 and	 Johnson	 2014).	 In	 particular,	 this	may	
occur	when	host	fish	are	highly	sensitive	to	thermal	variability	resulting	
in	 host	 extinctions	 or	 range	 shifts	 that	 cannot	 be	 followed	 by	 the	
sedentary	 unionids	 (Hastie	 and	 Young	 2003;	 Pandolfo	 et	 al.	 2012).	 In	
either	 case,	 any	 mechanism	 enabling	 mussels	 to	 match	 reproduction	
with	 host	 fish	 availability	 should	 be	 beneficial	 for	 these	 endangered	
parasites	(Brooks	and	Hoberg	2007).		

Chemical	 and	 mechanical	 cues	 from	 host	 fish	 have	 been	 proposed	 as	
triggers	 for	 synchronized	 spawning	 in	 some	 unionoid	 mussels,	 e.g.	
Anodonta	 spp.	 (Jokela	 and	 Palokangas	 1993;	 Teutsch	 1997).	 It	 is	
however	 assumed	 that	 the	 timing	 of	 glochidia	 release,	 e.g.	 by																			
M.	margaritifera	and	U.	crassus,	is	highly	affected	by	temperature	(Young	
and	 Williams	 1984;	 Welte	 1999).	 Temperature	 thresholds	 and	 the	
accumulation	 of	 degree	 days	 may	 be	 underlying	 mechanisms	 (Hastie	
and	Young	2003;	Blažek	and	Gelnar	2006).	This	raises	the	question	as	to	
whether	 temperature	 fluctuations	deviating	 from	normal	 can	decouple	
host-matching	mechanisms.	Further	insights	are	needed	on	this	issue	to	
predict	future	mussel	population	dynamics	in	light	of	climatic	changes.	
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Objectives	
 
In	this	doctoral	thesis,	the	following	main	objectives	were	addressed:		
	
In	 Paper	 I,	 this	 thesis	 addressed	 whether	 high-density	 mussel	 beds	
should	be	prioritized	in	conservation	management	trade-offs,	assuming	
that	the	reproduction	potential	of	mussels	is	elevated	at	high	compared	
to	 low	abundance.	Effects	of	mussel	 and	host	 fish	densities	on	 recruit-
ment	 potential	 of	 U.	 crassus	 were	 considered.	 To	 this	 end,	 the	
proportions	of	gravid	mussels,	host	fish	density	in	time	and	space	during	
the	 mussel	 reproduction	 season,	 and	 natural	 glochidia	 encapsulation	
rates	affecting	the	potential	number	of	recruits	were	compared	between	
river	 sites	 with	 different	 mussel	 densities	 and	 between	 two	 primary	
host	fish	species.		
	
In	Paper	 II,	 the	 host	 fish	 range	 of	U.	 crassus	was	 investigated	 in	 nine	
mussel	 rivers	 distributed	 in	 the	 northwestern,	 Swedish	 distribution	
range	of	the	mussel.	Here	the	question	of	whether	host	fish	suitability,	in	
terms	 of	 natural	 glochidia	 encapsulation	 rates	 on	 fish	 and	 hatching	 of	
juvenile	mussels	 from	 two	rivers,	 is	 river	and	 fish	 species	 specific	was	
addressed.	 It	 was	 determined	 whether	 particularly	 suitable	 hosts,									
i.e.	primary	hosts,	also	represent	ecologically	important	hosts,	i.e.	if	they	
are	 available	 during	 mussel	 reproduction,	 and	 herewith	 account	 for	
mussel	 recruitment.	 It	 was	 hypothesised	 that	 less	 suitable	 host	 fish	
species	can	hold	similar	host	functions	as	primary	hosts	if	they	occur	at	
high	densities.	Moreover,	 intra-species	variation	 in	host	suitability	was	
assumed	 to	 be	 linked	 with	 differences	 in	 the	 local	 fish	 community	
structure.	
	
In	Paper	III,	the	patterns	of	local	adaptation	between	U.	crassus	and	two	
primary	 host	 fish	 species	 were	 investigated	 experimentally.	 Here,	 the	
juvenile	transformation	success	and	survival	of	U.	crassus	was	compared	
between	sympatric	and	allopatric	mussel-fish	combinations.	
	
In	 Paper	 IV,	 the	 timing	 of	 glochidia	 release	 was	 studied	 in	 light	 of	
climatic	 changes	 affecting	 spring	 water	 temperature	 and	 host	 pres-
ence/absences.	 The	 effects	 of	 different	 water	 temperature	 patterns	 in	
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spring	 were	 experimentally	 evaluated	 with	 regards	 to	 glochidia	
releases,	 brood	 abortions,	 and	 glochidia	 survival.	 The	objective	was	 to	
shed	light	on	potential	mismatches	between	mussel	reproduction	timing	
and	host	presence.		
	
	

	
Figure	1.	a)	Adult	gravid	Unio	crassus	carefully	opened	using	special	tongs,	b)	fish	gill	
infested	with	Unio	crassus	glochidia.	Photos:	Lea	D.	Schneider.	
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Summary	of	methods	
	
In	 this	 thesis,	 a	 combined	 approach	 of	 field	 (Papers	 I,	 II)	 and	 experi-
mental	lab	(Papers	III,	IV)	studies	was	used.	The	field	studies	took	place	
in	 southeastern	 Swedish	 rivers	 with	 known	 U.	 crassus	 populations					
(Fig.	2).	Mussels	and	fish	were	taken	from	two	of	these	rivers	(Bråån	and	
Tommarpsån),	holding	vital,	self-recruiting	populations	of	U.	crassus,	for	
experiments	conducted	at	the	laboratory	facility	at	Lund	University.			
	

	
Figure	2.	Map	and	location	of	the	study	rivers.	

	

Field	studies		

The	first	field	study	(Paper	I)	focused	on	the	reproduction	potential	and	
reproductive	 period	 of	 U.	 crassus	 in	 relation	 to	 mussel	 and	 host	 fish	
density	at	three	mussel	beds,	referred	as	to	study	site	S1,	S2,	and	S3,	in	
the	 river	 Tommarpsån.	 First,	 mussel	 density	 was	 estimated	 at	 each	
study	site.	Secondly,	 the	proportions	of	gravid	mussels	and	the	natural	
glochidia	 infestation	 rates	 on	 fish	 (bullhead,	 C.	 gobio	 and	 minnow,											
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P.	phoxinus),	sampled	through	quantitative	and	standardized	electrofish-
ing	 (Bergquist	 et	 al.	 2014),	 were	 followed	 over	 the	 annual	 mussel	
reproductive	 season	 in	 2013	 and	 compared	 between	 the	 study	 sites.	
Here,	mussels	were	collected	and	carefully	opened	using	special	tongs	to	
visually	 inspect	 the	 marsupial	 gills	 for	 brood	 (Österling	 et	 al.	 2008,					
Fig.	1a).	During	repeated	electrofishing,	subsamples	of	C.	gobio	(n	=	150)	
and	P.	phoxinus	(n	=	140)	were	sacrificed	(Benzocaine,	>	200	mg/L),	and	
fish	 gills	were	 examined	 for	 glochidia	 encapsulation	 using	microscope	
binoculars	 at	 the	 laboratory	 facility	 at	 Lund	 University	 (Fig.	 1b).	 The	
reproductive	 potential	 at	 each	 mussel	 bed	 was	 estimated	 by	 the	
‘glochidia	 density’	 –	 a	 proxy	 for	 the	 potential	 number	 of	 recruits	 per	
stream	area	multiplying	‘total	fish	density’	with	‘U.	crassus	encapsulation	
rates	on	fish’.	Mussel	reproduction	period,	as	well	as	the	timing	of	host	
fish	 infestation,	 host	 density,	 and	 glochidia	 density	 were	 evaluated	
together	with	constantly	monitored	water	temperatures.	
	
The	second	field	study	(Paper	II)	represents	a	 large	scale	screening	of		
U.	 crassus	 host	 fish	 species	 in	 nine	 mussel	 rivers,	 each	 belonging	 to	
distinct	drainage	areas	in	seven	Swedish	counties	(Fig.	2).	The	study	was	
carried	out	during	the	reproduction	period	of	U.	crassus	in	2012	-	2015.	
Here,	 repeated	 sampling	 was	 conducted	 using	 a	 variety	 of	 methods				
(e.g.	electrofishing,	 fyke	and	gill	nets)	 to	catch	a	representative	sample	
of	 the	 river-specific	 fish	 community	 (no.	 fish	 individuals	 =	 5818),	
potentially	 contributing	 to	 U.	 crassus	 recruitment.	 Subsamples	 of	 fish				
(n	 =	 1479)	 were	 gill	 examined	 (see	 Paper	 I)	 for	 quantification	 of	
encapsulated	 glochidia	 (n	 =	 18593).	 Due	 to	 possible	 co-occurrence	 of	
multiple	 unionoid	 species	 in	 the	 study	 rivers,	 glochidia	 (n	 =	 3725),	
randomly	 picked	 from	 the	 fish	 gills,	 were	 identified	 to	 species	 using	
molecular	 techniques	 (ITS	 rDNA	 analyses,	 Källersjö	 et	 al.	 2005).	 The	
river-specific	U.	 crassus	 glochidia	prevalence	was	estimated	 for	 all	 fish	
species	by	extrapolating	the	DNA-results	to	all	glochidia	found	encapsu-
lated	 on	 the	 fish.	 This	 allowed	 estimations	 of	 host	 suitability	 for															
U.	 crassus	 in	 terms	 of	 natural	 glochidia	 encapsulation	 rates	 on	 fish.	
Additionally,	 the	 ecological	 host	 importance	 was	 estimated	 via	 the	
‘glochidia	 density’	 per	 stream	 area	 (see	 Paper	 I),	 calculated	 using	 fish	
abundance	data	provided	by	the	Swedish	Electrofishing	RegiSter	(SERS).	
Finally,	 naturally	 infested	 fish	 (n	 =	 146)	 from	 the	 two	 northernmost	
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study	 rivers	 (Kilaån	 and	 Svärtaån)	were	 transported	 to	 the	UCforLIFE	
laboratory	facility	at	Hemmerstorps	Mölla	in	2015	for	host	confirmation.	
Here,	fish	were	transferred	to	fish	tanks	(Fig.	3),	modified	from	Eybe	et	
al.	 (2014),	 and	 maintained	 until	 successfully	 transformed	 juvenile	
mussels	 fell	 off	 the	 fish	 and	 could	 be	 collected	 and	 counted.	 All	 these	
juveniles	 were	 identified	 to	 species	 using	 molecular	 techniques											
(ITS	 rDNA	 analyses,	 Källersjö	 et	 al.	 2005),	 rendering	 confirmation	 of	
host	suitability	for	U.	crassus	possible.	
	
	

	
Figure	 3.	 Fish	 tanks	 (recirculating	 water	 systems)	 with	 nets	 attached	 to	 collect	
juvenile	mussels	falling	off	fish	hosts.	Modified	from	Eybe	et	al.	(2014).	Photo:	Marius	
Heiss.	

	

Laboratory	studies	

A	 common	 garden	 experimental	 approach	 with	 mussels	 and	 primary	
host	 fish	 (C.	 gobio	 and	 P.	 phoxinus)	 from	 two	 rivers	 (Bråån	 and					
Tommarpsån)	 was	 used	 to	 investigate	 local	 adaptation	 patterns	 for																
U.	 crassus	 (Paper	 III,	 Fig.	 4).	 Conforming	 to	 the	 ‘local	 vs.	 foreign’	
criterion	 (Box	 2),	 a	 cross-infestation	 of	 P.	 phoxinus	 from	 Bråån	 and	
Tommarpsån	 with	 sympatric	 and	 allopatric	 glochidia	 was	 conducted.				
C.	 gobio,	 inhabiting	 only	 one	 of	 the	 two	 study	 rivers	 (Tommarpsån),	
were	 cross	 infested	 with	 glochidia	 from	 Bråån	 and	 Tommarpsån,	
satisfying	 the	 ‘home	 vs.	 away’	 criterion	 (Box	 2).	 For	 artificial	 host	
infestation,	fish	were	electrofished	before	the	mussels	had	started	their	
annual	glochidia	release	 in	early	spring	2013,	and	were	transported	to	
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the	laboratory	facility	at	Lund	University.	Similarly,	eight	gravid	mussels	
were	collected	 in	 their	home	rivers	each,	 transferred	 to	 the	 laboratory	
and	maintained	until	they	released	viable	glochidia.	Glochidia	were	used	
in	12	standardized	replicate	infestation	baths	with	24	fish	each,	accord-
ing	to	the	six	mussel-fish	combinations.	After	infestation,	fish	(n	=	288)	
were	maintained	in	mussel	hatchery	tanks	for	juvenile	mussel	collection	
(see	Paper	 II,	 Fig.	3).	A	 fish	 sampling,	 including	measurements	of	 total	
fish	 length	 and	 weight,	 and	 subsequent	 gill	 examination	 for	 glochidia	
took	place	at	 three	Days	Post	 Infestation	 (DPI),	when	glochidia	should	
have	 been	 successfully	 encapsulated	 in	 fish	 gill	 tissue.	 This	 allowed	
comparison	of	weight-specific	encapsulation	rates	between	fish	species	
from	 different	 origins	 (C.	 gobio	 from	 Tommarpsån;	 P.	 phoxinus	 from	
Bråån	and	Tommarpån),	and	between	all	mussel-fish	combinations	 for	
each	 fish	species	 (Fig.	4).	A	 similar	 fish	sampling	 took	place	at	20	DPI,	
which	 together	with	collection	and	quantification	of	hatching	 juveniles	
from	 fish	 not	 sampled,	 enabled	 estimations	 of	 the	 Potential												
Metamorphosis	 rate	 of	 Juvenile	 mussels	 (PMJ)	 for	 every	 mussel-fish	
combination.	This	proxy	of	 the	number	of	 recruits	was	compared	with	
the	number	of	 glochidia	 encapsulated	on	 fish	 sampled	at	 three	DPI	on	
fish,	 calculated	 at	 the	 fish	 tank	 level,	 but	was	 also	 referred	 to	 as	 gram	
fish	 weight.	 Moreover,	 the	 survival	 of	 juvenile	 mussels	 was	 followed	
over	ten	weeks	and	compared	between	treatments.	

In	a	second	laboratory	study	(Paper	IV),	the	timing	of	glochidia	release	
by	 gravid	 U.	 crassus	 was	 investigated	 in	 three	 spring	 temperature	
scenarios	referred	as	to	‘LOW’,	‘NATURAL’	and	‘HIGH’	during	18	days.	In	
the	 NATURAL	 temperature	 scenario,	 resembling	 the	 natural	 water	
temperature	 curve	 of	 the	 study	 river	 Tommarpsån	 in	 spring,	 aquaria	
water	 temperatures	 were	 increased	 at	 a	 daily	 rate	 of	 0.5	 °C	 within									
10	 days,	 starting	 at	 10	 °C,	 and	 kept	 constant	 for	 another	 eight	 days	
afterwards.	Similarly,	aquaria	temperatures	were	increased	in	the	HIGH	
temperature	 scenario	 at	 a	 rate	 of	 1	 °C	 daily,	 resembling	 a	 faster	 and	
more	pronounced,	 thus	earlier,	 temperature	 increase	than	normal.	The	
LOW	 temperature	 scenario	 was	 set	 to	 constant	 10	 ᵒC	 during	 the	
experiment,	 but	was	 around	 8.4	 ±	 0.4	 °C	 (mean	 ±	 SD)	 throughout	 the	
experiment.	 Gravid	 mussels	 were	 collected	 in	 the	 river	 Tommarpsån	
(see	Paper	I,	Fig.	1a)	in	April	2014,	and	each	transferred	to	one	replicate	
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laboratory	 tank	 (n	 =	 12)	 for	 each	 temperature	 scenario.	 Half	 of	 these	
mussel	 tanks	 also	 contained	 three	 individuals	 of	 the	primary	host	 fish			
C.	 gobio	 from	 Tommarpsån.	 This	 enabled	 investigations	 of	 single	 and	
combined	 effects	 of	 temperature	 and	 host	 presence/absence	 on	 the	
timing	and	intensity	of	brood	releases	(glochidia	releases	and	abortions)	
and	the	survival	of	glochidia	post	release.	The	timing	of	the	experiment	
(18	 days)	 matched	 the	 period	 when	 the	 majority	 of	 mussels	 had	
released	 or	 aborted	 their	 brood	 in	 all	 temperature	 treatments,	 corre-
sponding	 to	 the	 time	period	when	held-off	glochidia	releases	exceeded	
the	accumulated	degree	days	of	occurring	glochidia	releases.	Moreover,	
LOW	mussels	(n	=	8)	that	had	not	released	any	brood	until	day	18	were	
transferred	 to	 newly	 set	 up	 aquaria	 at	 NATURAL	 temperatures	 to	
investigate	 if	 they	 carry	 viable	 brood	 and	 possibly	 await	 favourable	
conditions	for	release.	
	

	
Figure	 4.	 Common	 garden	 experimental	 design	where	 fish	 (Phoxinus	 phoxinus	 and	
Cottus	 gobio)	 from	 two	 rivers	 (Bråån	 and	 Tommarpsån)	 were	 cross-infested	 with	
sympatric	and	allopatric	mussels	(Unio	crassus).	
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Summary	of	results	

Paper	I:	Effects	of	mussel	and	host	density	on	mussel	reproduction		

Mussels	 were	 found	 gravid	 when	 river	 temperatures	 were	 between						
8.8	±	1.3	°C	(mean	±	SD)	and	17.8	±	1.1	°C,	between	mid-April	and	the	
beginning	of	July	(Fig.	5a,	b).	Mussel	density	differed	between	the	study	
sites	 and	 was	 ‘low’	 (0.	 93	 ind.	 m-2),	 ‘high’	 (14.8	 ind.	 m-2)	 and	
‘low/intermediate’	 (2.3	 ind.	 m-2)	 at	 S1,	 S2	 and	 S3,	 respectively.	 The	
proportions	 of	 gravid	 mussels	 were	 significantly	 higher	 at	 ‘low’	 com-
pared	to	‘low/intermediate’	and	‘high’	mussel	densities	(Fig.	5b,	6a).	The	
reproduction	potential	of	U.	crassus,	measured	as	‘glochidia	density’,	was	
highest	at	‘low/intermediate’	mussel	density,	as	was	the	fish	density	and	
the	 glochidia	 encapsulation	 rate	 (Fig.	 6b	 -	 d).	 Moreover,	 the	 glochidia	
encapsulation	 rates	 varied	 significantly	 between	 C.	 gobio	 and																				
P.	 phoxninus,	 with	 the	 latter	 fish	 species	 carrying	 higher	 numbers	 of	
glochidia	during	the	reproduction	period	of	U.	crassus	(Fig.	6d).	
	

 
Figure	 5.	 a)	 Average	 water	 temperatures	 (ᵒC)	 in	 the	 river	 Tommarpsån,	 and															
b)	percentage	of	gravid	mussels	[%]	at	 the	study	sites	S1,	S2	and	S3	during	April	 to	
July	2013	(S1	and	S3:	weeks	16	-	30;	S2:	weeks	21	-	28).	Lines	between	means	and	
percentages	are	added	for	clarity.	
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Figure	 6.	 a)	 Percentage	 of	 gravid	 mussels	 (%),	 b)	 average	 glochidia	 density	
(Glochidia	m-2),	c)	total	fish	density	(Fish	100	m-2),	and	d)	average	encapsulation	rates	
of	glochidia	per	fish	individual	(Glochidia	fish-1)	at	study	sites	S1,	S2	and	S3,	and	for	
Cottus	 gobio	 (n	 =	 150)	 and	 Phoxinus	 phoxinus	 (n	 =	 140)	 during	 the	 reproduction	
period	 of	 Unio	 crassus	 in	 Tommarpsån	 in	 the	 year	 2013.	 Error	 bars	 denote	 the	
standard	error	from	the	mean.		

	

Paper	II:	Host	composition	and	glochidia	encapsulation	for	Unio	crassus	

Unio	 crassus	 glochidia	 were	 found	 encapsulated	 on	 13	 out	 of	 18	 fish	
species	caught	in	the	nine	study	rivers	(Fig.	7).	The	glochidia	encapsula-
tion	 rates	 varied	 among	 rivers	 and	 fish	 species,	 as	 did	 glochidia	
densities,	 i.e.	 ecological	 host	 importance.	 River	 and	 host	 fish-specific	
glochidia	 density	 was	 overall	 high	 for	 P.	 phoxinus,	 though	 this	 fish	
species	 occurred	 in	 four	 study	 rivers	 only	 (Fig.	 7).	Alburnus	 alburnus,	
occurring	 in	 six	 study	 rivers,	 showed	 either	 exceptionally	 high	 fish	
densities	 or	 high	 glochidia	 encapsulation	 rates,	 rendering	 this	 fish	
species	 an	 overall	 important	 host	 fish	 species	 for	 U.	 crassus	 in	 its	
Swedish	distribution.	Fish	 species	 such	as	C.	gobio,	G.	 cernua,	 S.	 trutta,				
L.	 lota	 were	 regularly	 found	 infested	 with	U.	 crassus	 glochidia,	 which	
positively	affected	glochidia	density,	together	with	high	fish	densities	in	
some	rivers.	Perca	fluviatilis	and	R.	rutilus	held	generally	low	numbers	of	
glochidia,	albeit	exceptions	occurred	together	with	high	fish	densities	in	
some	 rivers,	 indicating	 local	host	 importance.	Other	 fish	 species	 found	
infested	with	U.	crassus	glochidia	were	categorized	as	relatively	poor	or	
marginal	 hosts,	 but	 are	 nevertheless	 assumed	 to	 contribute	 to	mussel	
recruitment.	No	host	importance	was	assigned	to	fish	species	not	found	
infested	with	glochidia.	Successfully	transformed	juvenile	mussels	were	
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collected	from	A.	alburnus,	C.	gobio,	L.	lota,	and	R.	rutilus	in	this	study.	It	
is	noteworthy	that	P.	phoxinus,	C.	gobio,	G.	aculeatus,	and	S.	trutta	were	
also	 confirmed	suitable	host	 fish	 for	U.	 crassus	 by	other	 studies	 in	 this	
doctoral	thesis	(Paper	I	and	III)	and	by	further	studies	conducted	within	
the	UCforLIFE	project.	

	

 
Figure	7.	River-specific	host	fish	importance	(High,	Medium,	Low	and	No)	Visualized	
overall	host	 importance	of	 fish	species	caught	 in	 the	nine	study	rivers,	 indicated	by	
lines	between	fish	species	and	rivers	with	different	line	styles	and	widths	(High:	wide	
and	 light	 grey;	 Medium:	 intermediate	 wide	 and	 dark	 grey;	 Low:	 dashed	 and	 dark	
grey;	No:	narrow	and	black).	The	visualized	overall	host	importance	is	estimated	for	
all	 rivers	 by	 multiplying	 the	 four-level	 categorization	 of	 river-specific	 host	 im-
portance	with	the	number	of	rivers	where	a	fish	species	occurred	and	is	denoted	by	
circles	of	different	size.	Large	circles	indicate	high,	and	small	circles	low	overall	host	
importance.	Bars	show	the	annual	average	discharge	(m3	sec-1)	of	every	study	river,	
reflecting	 river	 size.	 Fish	 species	not	 found	 infested	with	Unio	 crassus	 glochidia	 are	
indicated	 as	 ‘No	 host	 importance’	 in	 the	 lower	 part	 of	 the	 figure.	 No	 connection	
between	 fish	 species	 and	 rivers	 hints	 at	 absence	 of	 the	 certain	 fish	 species	 in	 the	
river.	

	

Paper	III:	Local	adaptation	studies	in	freshwater	mussels	

The	 cross-infestation	 of	 P.	 phoxinus	 with	 its	 sympatric	 and	 allopatric	
mussels	 from	 Bråån	 and	 Tommarpsån	 resulted	 in	 varying	 patterns	 of	
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the	 potential	 metamorphosis	 rate	 of	 juveniles	 (PMJ)	 between	 the	
mussel-fish	 combinations.	 While	 significantly	 higher	 numbers	 of	
juveniles	transformed	on	the	sympratic	P.	phoxinus	 from	Tommarpsån,	
resulting	 in	a	significant	 interaction	effect	of	mussel	and	fish	origin,	no	
difference	 in	 PMJ	 was	 found	 between	 sympatric	 and	 allopatric																		
P.	 phoxinus	 from	 Bråån	 (Fig.	 8a).	 Therefore,	 the	 ‘foreign	 vs.	 local’	
criterion	was	not	met,	which	contradicts	the	local	adaptation	theory.	On	
C.	 gobio	 from	 Tommarpsån,	 the	 allopatric	 mussel-fish	 combination	
resulted	in	significantly	higher	PMJ	compared	to	the	sympatric	mussel-
fish	combination	(up	to	twice	as	high	as	all	other	mussel-fish	combina-
tions),	contradicting	the	‘home	vs.	away’	criterion	(Fig.	8b).	Comparisons	
between	the	glochidia	encapsulation	rates	at	three	DPI	with	the	PMJ	for	
all	 mussel-fish	 combinations	 did	 not	 result	 in	 a	 significant	 difference,	
suggesting	 that	 all	 glochidia	 found	 encapsulated	 on	 fish	 at	 three	 DPI	
successfully	 transformed	 to	 juvenile	 mussels.	 Moreover,	 juvenile	
survival	was	highest	in	the	allopatric	mussel-fish	combination	of	C.	gobio	
from	 Tommarpsån.	 Finally,	 glochidia	 encapsulation	 rates	 on	 fish	
sampled	 at	 three	 DPI	 significantly	 increased	 with	 fish	 weight,	 and											
C.	gobio	from	Tommarpsån	held	significantly	higher	encapsulation	rates	
than	P.	phoxinus	from	Bråån	and	Tommarpsån.			
	

	
Figure	8.	a)	The	weight	normalized	Potential	Metamorphosis	rate	of	Juvenile	mussels	
(PMJ)	 for	Phoxinus	 phoxinus	 from	Bråån	 and	Tommarpsån	 (n	=	 112),	 and	b)	Cottus	
gobio	from	Tommarpsån	(n	=	61),	infested	with	sympatric	or	allopatric	mussels	from	
Bråån	and	Tommarpsån.	
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Paper	IV:	Water	temperature-dependent	reproduction	in	Unio	crassus	

Temperature	had	a	 significant	 effect	on	 the	 timing	of	 glochidia	 release	
by	 U.	 crassus.	 At	 LOW	 temperatures,	 the	 majority	 of	 mussels	 did	 not	
carry	out	any	brood	release	until	the	end	of	the	experiment,	resulting	in	
significantly	 later	 glochidia	 releases	 in	mussels	 kept	 at	 LOW	 tempera-
tures	 than	 at	 HIGH	 and	NATURAL	 (Fig.	 9a).	 Likewise,	mussels	 kept	 at	
LOW	temperatures	had	a	significant	 lower	probability	of	high	intensity	
brood	 releases	 compared	 to	 mussels	 kept	 at	 HIGH	 and	 NATURAL	
temperatures.	Host	 fish	presence	did	not	 affect	 the	 timing	of	 glochidia	
release	 significantly,	 resulting	 in	 a	 non-significant	 interaction	 effect	 of	
temperature	 and	 host	 presence/absence,	 although	 the	 majority	 of	
mussels	kept	at	NATURAL	temperatures	without	host	fish	released	their	
larvae	later	than	when	the	host	was	present.		

	

	
Figure	9.	a)	Hours	(h)	to	glochidia	release	and	b)	to	abortion	investigated	for	every	
mussel	tank	(a:	n	=	34;	b:	n	=	34)	in	temperature	scenario	LOW,	NATURAL	and	HIGH	
at	 host	 fish	 PRESENCE	 (dark	 grey)	 and	 ABSENCE	 (light	 grey).	 Stars	 *	 indicate	
spontaneous	 glochidia	 releases	 of	 LOW	mussels	 transferred	 to	 NATURAL	 tempera-
tures	after	experimental	day	18.		

	

No	 effect	 of	 temperature	 and/or	host	 PRESENCE/ABSENCE	was	 found	
on	 the	 timing	 of	 brood	 abortions	 (Fig.	 9b).	 Proportionally,	most	 abor-
tions	 occurred	 in	 host	 ABSENCE	 with	 overall	 highest	 proportions	 at	
HIGH	temperatures.	At	NATURAL	temperatures,	glochidia	survival	was	
significantly	higher	 than	at	HIGH	 temperatures.	At	 LOW	 temperatures,	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

25	
	

glochidia	survived	up	to	14	days,	which,	however,	could	not	be	included	
in	any	statistical	analysis	due	to	low	numbers	of	brood	release	events	at	
these	temperatures.	However,	two	out	of	eight	LOW	mussels	that	were	
transferred	 to	 NATURAL	 temperatures	 after	 experimental	 day	 18	
carried	 out	 high	 intensity	 glochidia	 releases	 overnight,	 with	 glochidia	
that	were	fully	viable	(Fig.	9a).	
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Discussion	and	concluding	remarks		

Sound	 conservation	 approaches	 for	 parasitic	 freshwater	 mussels	
require	knowledge	about	biological	interactions	and	life-history	traits	of	
both	mussels	and	host	 fish	(Geist	2010).	 In	 this	 thesis,	with	a	 focus	on			
U.	crassus,	it	was	shown	that	studies	on	mussel	ecology	and	mussel-host	
interactions	 can	 reveal	 significant	 variation	 in	 mussel	 reproduction	
potential	among	river	sites	with	different	mussel	and	host	fish	densities	
(Paper	 I)	 and	 among	 geographically	 distant	mussel	 rivers	 (Paper	 II).	
This	 variation	 in	 mussel	 reproduction	 potential	 depended	 on	 river-
specific	 host	 composition,	 fish-species	 specific	 host	 suitability	 and	
temporal	 and	 spatial	 availability	 during	 mussel	 reproduction										
(Paper	 I,	 II).	 Such	 host	 fish	 parameters	 were	 found	 to	 be	 critical	 for	
transformation	success	and	post-parasitic	survival	of	juvenile	mussels	in	
light	of	evolutionary	adaptations	between	mussels	and	 fish	(Paper	 II	 -	
IV)	and	their	environment	(Paper	IV).	Temperature	was	found	to	be	an	
important	 key	 factor	 for	 the	 glochidia	 release	 timing	 and	 potential	 of	
host	encounters,	with	changes	in	climatic	conditions	potentially	causing	
mismatches	 between	 mussel	 reproduction	 and	 host	 phenology,	 with	
negative	consequences	for	mussels	(Paper	IV).	The	results	of	this	thesis	
emphasize	 that	 individual	 local	 investigations	 of	 the	 mussel-host	
relationship	 on	 the	 scale	 of	 e.g.	 rivers,	mussel	 populations	 and	mussel	
beds,	are	essential	prior	to	conservation	efforts	as	they	help	identifying	
mechanisms	 important	 for	 unionoid	 conservation	 management	 and	
prioritization.	

In	the	following	sections	of	this	discussion,	the	major	findings	of	the	four	
thesis	studies	are	discussed	with	focus	on	the	mussel-host	interaction	of	
U.	 crassus	 and	 relevant	 aspects	 for	 conservation	 of	 this	 and	 other	
threatened	unionoid	mussel	species.		

The	decline	of	U.	 crassus	 has	been	ongoing	 since	 the	 industrial	 revolu-
tion,	 mainly	 due	 to	 water	 pollution	 and	 habitat	 destruction	 and	
fragmentation	that	caused	immense	losses	of	freshwater	biodiversity	as	
a	whole	(Zettler	1996;	Kurunczi	2001;	Collier	et	al.	2016).	As	a	result	of	
reduced	 mussel	 abundance,	 egg	 fertilization	 failure	 in	 U.	 crassus	
populations	 was	 suggested	 to	 occur	 below	 a	 certain	 minimum	 viable	
population	 size	 (Hochwald	 and	 Bauer	 1990).	 Such	 density	 thresholds,	
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have,	however,	not	yet	been	identified	(Taeubert	et	al.	2012).	At	mussel	
densities	 of	 0.93	 –	 14.8	 individuals	 per	 square	 meter,	 present	 in	 the	
study	river	Tommarpsån	(Paper	I),	egg	fertilization	does,	however,	not	
seem	to	be	a	 limiting	 factor	 for	U.	crassus	 reproductive	success.	This	 is	
probably	 because	 sperm	 can	 easily	 disperse	 with	 water	 currents	
(Ferguson	 et	 al.	 2013).	Moreover,	 a	 significantly	 higher	mussel	 repro-
duction	 potential	 was	 found	 at	 mussel	 beds	 of	 lower	 (2.3	 ind./m2)	
compared	 to	 high	 (14.8	 ind./m2)	 densities	 (Paper	 I).	 Here,	 glochidia	
encapsulation	rates	on	 fish	were	moreover	not	affected	by	the	propor-
tion	of	gravid	U.	crassus	 taking	part	 in	reproduction,	neither	by	mussel	
abundance	 -	 a	 result	 also	 found	 for	 the	 freshwater	 pearl	 mussel														
M.	 margaritifera	 (Scheder	 et	 al.	 2014).	 First,	 this	 suggests	 that	 the	
mussel	densities	 in	Tommarpsån	are	above	a	critical	minimum	thresh-
old.	Secondly,	this	emphasizes	that	mussel	density	alone	does	not	affect	
the	mussel	reproduction	potential	(Paper	I),	but	that	other	factors	such	
as	host	 suitability,	 availability	 in	 time	and	 space	and	host	 composition	
are	 critical	 (Berg	 et	 al.	 2008;	 Jansen	 et	 al.	 2001;	 Levine	 et	 al.	 2012;	
Paper	I	-	IV).	

As	shown	in	the	results,	a	total	of	14	fish	species	of	seven	families	were	
evaluated	as	suitable	hosts	for	U.	crassus	in	its	Swedish	distribution.	This	
suggests	 that	U.	 crassus	 is	 a	 host	 generalist	 (Paper	 II).	 Some	host	 fish	
species	reported	from	other	geographic	areas	were	rare	or	absent	in	the	
study	rivers	of	this	thesis	(e.g.	C.	nasus	and	G.	aculeatus),	or	were	found	
without	 U.	 crassus	 glochidia	 encapsulation	 (e.g.	 S.	 erythrophthalmus).	
This	 corroborates	 the	 proposed	 regional	 differences	 in	U.	 crassus	 host	
suitability	 and	 composition	 (e.g.	 Hochwald	 1997;	 Douda	 et	 al.	 2012;	
Taeubert	et	al.	2012;	Stoeckl	2016,	Paper	I	-	III).	

Despite	 the	 relatively	 large	 host	 fish	 range	 of	 U.	 crassus,	 a	 few	 fish	
species	were	found	particularly	suitable,	e.g.	P.	phoxinus,	A.	alburnus	and	
C.	 gobio,	 (e.g.	 Douda	 et	 al.	 2012;	 Taeubert	 et	 al.	 2012;	 Lamand	 et	 al.	
2016;	 Lopes-Lima	 et	 al.	 2016;	 Paper	 I,	 II,	 III).	 High	 host	 suitability	
combined	 with	 ample	 availability	 during	 mussel	 reproduction	 made	
these	 fish	 species	 important	 ecological	 hosts	 for	U.	 crassus	 (Paper	 II).	
Nevertheless,	 confirming	 the	 assumptions	 made,	 less	 suitable	 hosts,				
e.g.	 G.	 cernua,	 L.	 lota,	 R.	 rutilus	 and	 P.	 fluviatilis,	 also	 contributed			
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considerably	 to	 mussel	 recruitment	 through	 high	 abundances	 and	
elevated	 river-specific	 host	 compatibility	 (Paper	 II).	 These	 ‘secondary	
hosts’	 could	 therefore	 supplement	 or	 substitute	 for	 primary	 host	 fish	
and	 seemed	particularly	 important	 in	 rivers	where	 fish	populations	 of	
primary	 hosts	 were	 reduced	 or	 naturally	 absent.	 Mussel	 recruitment	
success	was	moreover	 enhanced	by	 rare	 but	 highly	 suitable	 hosts,	 e.g.				
S.	 cephalus,	 as	 well	 as	 marginal	 hosts	 occurring	 at	 high	 densities,	 e.g.						
B.	bjoerkna.	Thus,	 the	 local	host	 fish	composition	and	suitability	varied	
greatly	among	rivers	and	represented	fish	species	of	varying	tolerances	
to	habitat	disturbances	(Paper	II).	According	to	the	theory	of	‘ecological	
resilience’	 this	may	 reflect	host	 redundancy.	This	means	 that	potential	
host	bottlenecks	may	be	buffered	temporally	by	fish	species	tolerant	to	
disturbance	 in	accounting	 for	host	 functions	when	more	sensitive	host	
fish	species	disappear	(Peterson	et	al.	1998;	Spooner	et	al.	2011).	Host	
generalist	mussesls	from	large	watersheds	with	a	diverse	fish	fauna	may	
therefore	suffer	 less	 from	bottlenecks,	when	a	subset	of	host	species	 is	
reduced,	 compared	 to	 host	 specialist	 mussels	 in	 smaller	 rivers	 with	
fewer	fish	species	(Haag	and	Warren	1998,	Paper	I,	II).		

Host	bottlenecks	are	particularly	 critical	 if	mussels	are	 locally	adapted	
to	 their	 hosts,	 because	 they	 depend	 upon	 certain	 fish	 strains,	 e.g.	 as	
suggested	 for	 the	 host	 specialist	 mussel	 M.	 margaritifera	 (Geist	 and	
Kuehn	 2005).	 According	 to	 local	 adaptation	 theory	 (Box	 2),																							
U.	crassus	may	not	be	locally	adapted	to	the	host	fish	tested	in	common	
garden	experiments	 (Paper	 III).	However,	 some	sympatric	P.	phoxinus	
and	G.	aculeatus	strains	(Box	2,	home	vs.	away	criterion)	were	found	to	
contribute	 to	 higher	 juvenile	 transformation	 success	 than	 allopatric	
strains	 (Taeubert	 et	 al.	 2012,	 Paper	 III).	 Together	 with	 the	 high	
variation	 in	 host	 suitability,	 particularly	 of	 aforementioned	 secondary	
hosts	(Paper	II),	 this	may	reflect	some	degree	of	river-specific	adapta-
tions	of	U.	crassus	 to	 its	hosts.	One	could	speculate	 further	as	 to	why	a	
two-fold	higher	juvenile	mussel	transformation	success	and	higher	post-
parasitic	juvenile	survival	occurred	in	an	allopatric	U.	crassus	-	C.	gobio	
combination	 (Paper	 III).	Maladaptation	 through	 time-lags,	adaptations	
to	multiple	hosts,	or	host	 competition	may	be	underlying	mechanisms,	
as	well	as	low	immune	reactions	in	fish	resulting	from	lacking	counter-
adaptations	to	these	non-local	parasites	(Thompson	et	al.	2002;	Strayer	
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2008).	 In	 turn,	 juveniles	 may	 gain	 from	 low	 fish	 immune	 reactions,	
where	enhanced	post-parasitic	survival	has	been	suggested	to	be	linked	
with	 elevated	 energetic	 levels	 of	 juveniles	 at	 hatching	 (Taeubert	 et	 al.	
2012;	 Douda	 2015).	 However,	 conclusive	 statements	 are	 difficult	 to	
make,	and	further	research	is	recommended	to	understand	mussel-fish	
adaptations	 and	 to	 predict	 mussel	 recruitment	 potential	 in	 light	 of	
juvenile	transformation	success.		

There	 is	 also	 a	 large	 number	 of	 behavioural,	 physiological	 and	 life-
history	 traits	 of	 fish	 that	 affect	 the	 mode	 and	 intensity	 of	 glochidia	
encapsulations	 which,	 together	 with	 host	 immune	 responses,	 affect	
mussel	 juvenile	 transformation	 success.	 In	 the	 following	 section	 a	
selection	of	important	aspects	is	addressed.	

The	 swimming	 behaviour	 of	 fish	 has	 been	 found	 to	 affect	 the	 level	 of	
glochidia	infestation	on	fish	gills	(Wengström	et	al.	2016).	Here,	fish	that	
swam	 faster	 took	 up	 higher	 numbers	 of	 M.	 margaritifera	 glochidia,	
possibly	 through	 increased	 ventilation	 rates	 and	water	 exchange	 over	
the	gills.	High	swimming	activity	during	spawning	of	the	P.	phoxinus	and	
A.	alburnus,	observed	to	occur	in	parallel	to	U.	crassus	reproduction,	may	
explain	overall	high	glochidia	encapsulation	rates	in	these	fish	(Paper	I,	
II).	This	may	also	be	true	for	other	strong-swimming	and	migratory	host	
fish	 species	 such	 as	 S.	 cephalus	 and	 S.	 trutta.	 However,	 the	 benthic											
C.	gobio	 has	also	proven	 to	be	naturally	 infested	with	high	amounts	of	
glochidia	 (Douda	 et	 al.	 2012,	Paper	 I,	 II).	Mechanisms	 herein	may	 be	
proximity	 to	 mussel	 beds,	 which	 increase	 the	 probability	 of	 glochidia	
encounters,	 fish	 feeding	behaviour,	as	well	as	hydrological	parameters,	
e.g.	 water	 currents	 dispersing	 released	 glochidia	 near	 the	 streambed	
(Jansen	 et	 al.	 2001).	 Further	 insights	 regarding	 the	 species-specific	
modes	of	infestation	are	however	needed.		

Another	way	to	examine	glochidia	infestations	is	to	take	into	account	the	
high	 plasticity	 in	 fish	 physiology.	 For	 instance,	 large	 gill	 surface	 offers	
space	 for	 many	 glochidia	 to	 attach,	 and	 depends	 on	 species-specific	
allometric	relationships.	The	large	head	of	C.	gobio	 is	one	example	that	
may	 partly	 explain	 the	 high	 glochidia	 prevalence	 on	 this	 fish	 species,	
particularly	 after	 artificial	 infestation	 (Paper	 III).	 Following	 the	
standard	protocol	of	the	infestation	procedure,	constant	water	agitation	
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should	 have	 enhanced	 glochidia	 attachment	 on	 fish.	Nevertheless,	 it	 is	
unlikely	 that	 these	 conditions	 reflect	 the	 circumstances	 of	 natural	
infestations	 in	 streams.	 This	 aspect	 is	 important	 to	 consider	 in	 host	
quality	 evaluation,	 where	 investigations	 of	 natural	 infestation	 rates,	
identifying	 ecological	 hosts,	 and	 glochidia	 encapsulation	 rates	 after	
artificial	 infestation,	 testing	 physiological	 hosts	 (Levine	 et	 al.	 2012),	
should	 all	 be	 conducted.	 Both	 approaches	 used	 in	 this	 thesis	 showed	
that	host	quality	also	varies	depending	on	host	fish	size	(Paper	II,	 III).	
In	 contrast	 to	unionoid	 studies	 reporting	 that	 large	 fish	 represent	 less	
suitable	 hosts	 due	 to	 acquired	 immunity	 after	 previous	 glochidiosis	
(Young	 and	 Williams	 1984;	 Bauer	 1994),	 the	 results	 from	 this	 thesis	
showed	 that	 large	 fish	 individuals,	 e.g.	 of	 S.	 trutta,	 P.	 phoxinus	 and											
C.	gobio,	can	contribute	to	higher	numbers	of	encapsulated	glochidia	and	
transformed	 juveniles	 (Paper	 I	 -	 III),	 corroborating	 Österling	 (2015).	
This	 is	 also	 in	 accordance	 with	 the	 findings	 of	 Hochwald	 (1997),	
reporting	 from	 similar	 glochidia	 encapsulation	 rates	 on	 P.	 phoxinus	
between	 a	 first	 and	 a	 second	 infestation,	 indicating	 general	 high	 host	
suitability.	This	may	moreover	support	the	result	of	low,	if	any,	glochidia	
mortality	after	a	critical	initial	phase	of	about	three	days	post	glochidia	
attachment	 (Paper	 III),	 rendering	 fish	 individuals	 with	 large	 gill	
surfaces	 important	 hosts.	 If	 such	 fish	 additionally	 represent	 good	
swimmers	 (e.g.	S.	 trutta,	S.	 cephalus	 and	V.	 vimba),	 they	 can	positively	
affect	 mussel	 dispersal,	 compensating	 glochidia	 drift	 in	 rivers	 and	
contributing	 to	 range	 expansion	 and	 genetic	 mixing	 (Strayer	 2008).	
Conclusively,	 host	 swimming	 behaviour	 and	 migration	 represent	
important	 host	 functions,	 often	 regarded	 as	 major	 benefits	 from	
unionoid	parasitism	(Barnhart	et	al.	2008).			

The	 timing	 of	 fish	 migration	 and	 reproduction	 controls	 for	 host	 fish	
availability	 during	 mussel	 reproduction	 (Berg	 et	 al.	 2008).	 Phoxinus	
phoxinus	 and	A.	alburnus	 spawning	at	mussel	beds,	where	hundreds	 to	
thousands	 of	 fish	 individuals	 were	 found	 to	 aggregate	 during	 mussel	
reproduction,	showed	high	glochidia	prevalence	and	proportions	of	fish	
infested	(Paper	I,	II).	Depending	on	fish	sensitivity,	any	environmental	
or	habitat	 change	could,	however,	affect	 this	host	phenology,	 including	
migration	 routes,	 home	 ranges	 or	 niche	 occupation,	 and	 can	 cause	
reproduction	 failure	 for	 mussels	 (Knaepkens	 et	 al.	 2005;	 Comte	 and	
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Grenouillet	 2013).	 This	 was	 reported	 for	 many	 fish	 species,	 including	
hosts	 for	 U.	 crassus	 in	 relation	 to	 temperature	 affected	 by	 climatic	
change	(Dorts	et	al.	2012;	Domagała	et	al.	2013).	As	temperature	is	a	key	
driver	of	the	timing	and	intensity	of	brood	releases	in	U.	crassus	(Welte	
1999,	 Paper	 IV),	 temperature	 shifts	 may	 moreover	 cause	 shifts	 in	
mussel	 phenology	 (Payton	 et	 al.	 2016).	 On	 the	 one	 hand,	 elevated	
temperatures	can	trigger	brood	abortions	or	early	glochidia	releases	as	
metabolic	trade-offs	between	respiration	and	glochidia	brooding	occur,	
and	shorten	glochidia	survival	post	release	(Aldridge	and	McIvor	2003,	
Paper	 IV).	 On	 the	 other	 hand,	 constant	 low	 water	 temperatures	 in	
spring	 can	 postpone	 glochidia	 releases	 in	U.	 crassus	 (Paper	 IV).	 Thus,	
mismatches	 between	 host	 availability	 in	 time	 and	 space	 and	 mussel	
reproduction	seem	likely	to	occur	(Hastie	and	Young	2003),	particularly	
if	 mussel	 and	 host	 are	 affected	 by	 temperature	 changes	 differently	
(Pandolfo	et	al.	2012).		

The	level	of	mismatch	may,	however,	depend	on	whether	mussels	have	
adopted	 evolutionary	 adaptations	 such	 as	 host	 recognition	 and	 attrac-
tion	mechanisms	 to	 better	 time	 their	 brood	 releases	 to	 host	 presence	
(Barnhart	 et	 al.	 2008).	 No	 host	 attraction	 strategy	 is	 known	 for																
U.	crassus,	although	a	spurting	behaviour	was	observed	in	the	southern	
distribution	 of	 the	 mussel.	 Here,	 female	 mussels	 crawled	 up	 on	 the	
stream	 banks	 to	 splash	 water	 enriched	with	 glochidia	 onto	 the	 water	
surface,	where	 fish	mistake	 it	 for	 prey	 and	 become	 infested	 (Vicentini	
2005).	In	Sweden,	no	such	behaviour	has	been	reported.	Furthermore,	it	
is	 unclear	 if	 U.	 crassus	 is	 able	 to	 recognize	 and	 time	 its	 release	 of	
glochidia	in	the	presence	of	host	fish	(Welte	1999;	Paper	IV).	However,	
glochidia	releases	generally	occurring	later	when	hosts	are	absent	than	
when	 hosts	 are	 present	 at	 natural	 temperatures	may	 reflect	 effects	 of	
host	presence	at	accustomed	thermal	conditions.	This	may	be	supported	
by	a	‘brood	keeping’	mechanism	found	in	gravid	mussels	maintained	at	
constant	low	temperatures	(Paper	IV).	Here,	fully	viable	glochidia	were	
kept	 in	 the	 mussel	 marsupium	 for	 several	 weeks,	 possibly	 allowing	
mussels	 a	 strategy	 to	match	offspring	 release	with	 suitable	 conditions.	
Further	research	 is	however	needed	to	clarify	 if	host	presence	triggers	
the	 brood	 release	 in	 U.	 crassus,	 together	 with	 temperature.	 Finally,	
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predictions	of	how	climatic	changes	affect	mussel	population	dynamics	
remain	a	challenge.	

This	 thesis	 elucidated	 some	 of	 the	 factors	 that	 may	 be	 involved	 in	
mussel-host	 interactions.	 In	 particular,	 the	 knowledge	 gained	 on	 the	
high	plasticity	in	host	suitability	for	U.	crassus	(Paper	I	-	III)	emphasized	
that	 host	 investigations	 in	 one	 geographic	 area	 are	 not	 necessarily	
transferable	 for	 conservation	efforts	 in	other	 geographic	 areas	 (Douda	
et	 al.	 2012).	 To	 establish	 an	 adaptive	 conservation	 strategy	 for																	
U.	 crassus,	 such	 as	 proposed	 in	 the	 step-wise	 approach	 by	 Stoeckl	
(2016),	I	provide	some	recommendations	and	suggestions,	based	on	my	
results,	for	further	research.		

First,	choosing	conservation	locations	should	be	based	on	evaluations	of	
the	mussel	reproduction	potential	 in	populations	with	consideration	of	
multiplicative	effects	of	host	fish	suitability,	availability	and	infestation.	
Here,	estimating	the	glochidia	density	per	stream	area	was	found	to	be	a	
useful	 tool	 (Österling	 et	 al.	 2008,	 Paper	 I),	 with	 collection	 of	 trans-
formed	 juveniles	being	 critical	 for	 final	host	 confirmation	 (Taeubert	 et	
al.	2012,	Paper	 II,	 III).	This	should	 include	 insights	 in	specific	mussel-
host	adaptations	(e.g.	Geist	and	Kuehn	2008;	Zanatta	and	Wilson	2011,	
Paper	III,	 IV).	As	mussel	reproduction	success	depends	on	completion	
of	 the	unionoid	 life	cycle	as	a	whole,	potential	 threats	and	problems	to	
all	 life	 cycle	 stages	 are	 essential	 to	 consider.	 Thus,	 beyond	 the	 frame-
work	 of	 this	 thesis,	 insights	 in	 e.g.	 habitat	 conditions	 (e.g.	 Denic	 et	 al.	
2014),	 food	 web	 ecology	 (e.g.	 Vaughn	 et	 al.	 2008)	 and	 ecotoxicology			
(e.g.	 Wang	 et	 al.	 2016)	 can	 help	 to	 evaluate	 bottlenecks	 for	 mussel	
populations.	 Furthermore,	 conservation	 genetics	 is	 an	 important	 field,	
exploring	the	mussel	and	host	fish	genetic	diversity	required	to	maintain	
rare	alleles,	and	to	not	interfere	with	evolutionary	adaptations	in	mussel	
rearing	 and	 host	 fish	 stocking	 efforts	 (Berg	 et	 al.	 2008).	 Thus,	 further	
studies	 on	 local	 adaptation	 patterns	 according	 to	 the	 local	 vs.	 foreign	
criterion	 can	 provide	 a	 fundamental	 basis	 (Paper	 III).	 Lastly,	 much	
work	still	remains	if	we	want	to	assess	the	impacts	of	climatic	change	on	
unionoid	 populations	 and	 to	 gauge	 the	 resulting	 effects	 on	 freshwater	
ecosystems	 (Payton	 et	 al.	 2016).	 Studies	 on	 mussel-host	 interactions,	
combined	 with	 studies	 on	 species	 phenology	 and	 sensitivities	 to	
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temperature	(Paper	IV)	and	local	hydrological	changes	(e.g.	Andréasson	
et	 al.	 2004),	 may	 forward	 the	 understanding	 of	 potential	 population	
developments.	
	

	 	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

34	
	

Acknowledgements	

This	thesis	was	part	of	the	European	LIFE	project	UCforLIFE,	led	by	Ivan	
Olsson	 from	 the	County	Administrative	Board	 of	 Skåne	 and	 funded	by	
the	 European	 Commission	 (LIFE10	NAT/SE/000046).	 Further	 funding	
was	 provided	 by	 FORTUM	 (Nordic	 Environmental	 Fund)	 and	 the	NGO	
Swedish	 Society	 for	 Nature	 Conservation	 (SSNC).	 Ethical	 concerns	 on	
experimental	animal	treatment	were	considered	and	followed	under	the	
Swedish	 law,	 as	 well	 as	 under	 permission	 from	 the	 Malmö/Lund	
Committee	 for	 Animal	 Experiment	 Ethics	 (permission	 number								
M111-12)	 and	 the	 Administrative	 County	 Boards	 of	 Skåne,	 Blekinge,	
Jönköping,	Kalmar,	Östergötland,	Södermanland	and	Örebro.	

 

References	

Aldridge	DC,	Fayle	TM,	Jackson	N.	2007.	Freshwater	mussel	abundance	
predicts	 biodiversity	 in	 UK	 lowland	 rivers.	 Aquatic	 Conservation:	
Marine	and	Freshwater	Ecosystems	17:	554–564.	

Aldridge	DC,	McIvor	A.	2003.	Gill	evacuation	and	release	of	glochidia	by	
Unio	pictorum	and	Unio	tumidus	(Bivalvia:	Unionidae)	under	thermal	
and	hypoxic	stress.	Journal	of	Molluscan	Studies	69:	55–59.	

Amyot	 J-P,	 Downing	 JA.	 1998.	 Locomotion	 in	 Elliptio	 complanata	
(Mollusca:	Unionidae):	 a	 reproductive	 function?	Freshwater	Biology	
39:	351–358.	

Andréasson	 J,	Bergström	S,	Carlsson	B,	Graham	LP,	Lindström	G.	2004.	
Hydrological	 change	 –	 climate	 change	 impact	 simulations	 for								
Sweden.	AMBIO:	A	Journal	of	the	Human	Environment	33:	228–234.	

Arey	LB.	1932a.	A	microscopical	study	of	glochidial	immunity.	Journal	of	
Morphology	53:	367–379.	

Arey	LB.	1932b.	The	formation	and	structure	of	the	glochidial	cyst.	The	
Biological	Bulletin	62:	212–221.	

Arvidsson	 BL,	 Karlsson	 J,	 Österling	 EM.	 2012.	 Recruitment	 of	 the	
threatened	mussel	Margaritifera	margaritifera	 in	relation	to	mussel	
population	 size,	 mussel	 density	 and	 host	 density.	 Aquatic														
Conservation:	Marine	and	Freshwater	Ecosystems	22:	526–532.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

35	
	

Barnhart	MC,	Haag	WR,	Roston	WN.	2008.	Adaptations	to	host	infection	
and	 larval	 parasitism	 in	 Unionoida.	 Journal	 of	 the	 North	 American	
Benthological	Society	27:	370–394.	

Bauer	G.	 1994.	 The	 adaptive	 value	 of	 offspring	 size	 among	 freshwater	
mussels	 (Bivalvia:	Unionoidea).	 Journal	of	Animal	Ecology	63:	 933–
944.	

Bauer	 G.	 2001a.	 Characterization	 of	 Unionoida	 (=	 Naiads).	 In	 Ecology	
and	evolution	of	the	freshwater	mussels	unionoida,	Bauer	G,	Wächtler	
K	(eds).	Springer-Verlag:	Berlin,	Germany.	

Bauer	G.	 2001b.	 Life-history	 variation	 on	different	 taxonomic	 levels	 of	
najads.	In	Ecology	and	evolution	of	the	freshwater	mussels	unionoida,	
Bauer	G,	Wächtler	K	(eds).	Springer-Verlag:	Berlin,	Germany.	

Bauer	 G,	 Wächtler	 K.	 2001.	 Environmental	 relationships	 of	 naiads:	
threats,	 impact	on	the	ecosystem,	indicator	function.	In	Ecology	and	
evolution	 of	 the	 freshwater	mussels	 unionoida,	Bauer	 G,	Wächtler	 K	
(eds).	Springer-Verlag:	Berlin,	Germany.	

Berec	 L,	 Angulo	 E,	 Courchamp	 F.	 2006.	 Multiple	 Allee	 effects	 and	
population	management.	Trends	 in	 Ecology	 and	Evolution	22:	 185–
191.	

Berg	 DJ,	 Levine	 TD,	 Stoeckel	 JA,	 Lang	 BK.	 2008.	 A	 conceptual	 model	
linking	demography	and	population	genetics	of	freshwater	mussels.	
Journal	of	the	North	American	Benthological	Society	27:	395–408.	

Bergquist	B,	Degerman	E,	Petersson	E,	Sers	B,	Stridsman	S,	Winberg	S.	
2014,	Standardiserat	elfiske	i	vattendrag.	 Institutionen	för	akvatiska	
resurser,	Sveriges	lantbruksuniversitet:	Drottningholm,	Sweden.	

Bjelke	U,	Gärdenfors	U,	Karlsson	A,	Agrenius	S,	Berggren	M,	Cedhagen	T,	
Hansson	HG,	Kautsky	H,	Lundberg	S,	Lundin	K,	et	al.	2010.	Blötdjur	-	
Molluscs.	In	Rödlistade	arter	 i	Sverige	2010,	Gärdenfors	U	(ed.).	Art-
Databanken	SLU:	Uppsala,	Sweden;	495–505.	

Blanquart	F,	Kaltz	O,	Nuismer	SL,	Gandon	S,	Ebert	D.	2013.	A	practical	
guide	to	measuring	local	adaptation.	Ecology	Letters	16:	1195–1205.	

Blažek	R,	Gelnar	M.	2006.	Temporal	and	spatial	distribution	of	glochidial	
larval	stages	of	European	unionid	mussels	(Mollusca:	Unionidae)	on	
host	fishes.	Folia	Parasitologica	53:	98–106.	

Bogan	 AE.	 2008.	 Global	 diversity	 of	 freshwater	 mussels	 (Mollusca,	
Bivalvia)	in	freshwater.	Hydrobiologia	595:	139–147.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

36	
	

Bradshaw	WE,	 Zani	 PA,	 Holzapfel	 CM.	 2004.	 Adaptation	 to	 temperate	
climates.	Evolution	58:	1748.	

Brooks	 DR,	 Hoberg	 EP.	 2007.	 How	 will	 global	 climate	 change	 affect	
parasite-host	assemblages?	Trends	in	Parasitology	23:	571–574.	

Caldwell	ML,	Zanatta	DT,	Woolnough	DA.	2016.	A	multi-basin	approach	
determines	variability	in	host	fish	suitability	for	unionids	in	tributar-
ies	 of	 the	 Laurentian	 Great	 Lakes.	 Freshwater	 Biology	 61:	 1035–
1048.	

Cardinale	 BJ,	 Duffy	 JE,	 Gonzalez	 A,	 Hooper	 DU,	 Perrings	 C,	 Venail	 P,	
Narwani	A,	Mace	GM,	Tilman	D,	Wardle	DA,	et	al.	2012.	Biodiversity	
loss	and	its	impact	on	humanity.	Nature	486:	59–67.	

Collier	KJ,	Probert	PK,	Jeffries	M.	2016.	Conservation	of	aquatic	inverte-
brates:	concerns,	challenges	and	conundrums.	Aquatic	Conservation:	
Marine	and	Freshwater	Ecosystems	26:	817–837.	

Comte	 L,	 Grenouillet	 G.	 2013.	 Do	 stream	 fish	 track	 climate	 change?	
Assessing	distribution	shifts	in	recent	decades.	Ecography	36:	1236–
1246.	

Cosgrove	PJ,	Hastie	LC,	Watt	J,	Sime	I,	Boon	PJ.	2012.	Scotland’s	freshwa-
ter	 pearl	 mussels:	 the	 challenge	 of	 climate	 change.	 In	 River	
Conservation	and	Management,	Boon	PJ,	Raven	PJ	(eds).	John	Wiley	&	
Sons,	Ltd:	Chichester,	UK;	121–132.	

Cosgrove	 PJ,	 Hastie	 LC.	 2001.	 Conservation	 of	 threatened	 freshwater	
pearl	mussel	populations.	Biological	Conservation	99:	183–190.	

Council	of	the	European	Communities.	1992.	Directive	92/43/EEC	of	the	
European	Parliament	and	the	Council	of	21	May	1992	on	the	conser-
vation	of	natural	habitats	and	of	wild	fauna	and	flora.	Official	Journal	
of	the	European	Communities	L	206:	7–50.	

Council	 of	 the	 European	 Communities.	 2000.	 Directive	 2000/60/EC	 of	
the	European	Parliament	 and	 the	 Council	 of	 23rd	October	 2000	 es-
tablishing	 a	 framework	 for	 community	 action	 in	 the	 field	 of	water	
policy.	Official	Journal	of	the	European	Communities	L	327:	1–72.	

Denic	M,	Stoeckl	K,	Gum	B,	Geist	J.	2014.	Physicochemical	assessment	of	
Unio	 crassus	habitat	 quality	 in	 a	 small	 upland	 stream	 and	 implica-
tions	for	conservation.	Hydrobiologia	735:	111–122.	

Dodd	BJ,	Barnhart	MC,	Rogers-Lowery	CL,	Fobian	TB,	Dimock	RV.	2005.	
Cross-resistance	of	largemouth	bass	to	glochidia	of	unionid	mussels.	
Journal	of	Parasitology	91:	1064–1072.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

37	
	

Domagała	 J,	 Kirczuk	 L,	 Pilecka-Rapacz	 M.	 2013.	 Annual	 development	
cycle	of	gonads	of	Eurasian	ruffe	(Gymnocephalus	cernuus	L.)	females	
from	lower	Odra	River	sections	differing	 in	 the	 influence	of	cooling	
water.	Journal	of	Freshwater	Ecology	28:	423–437.	

Dorts	 J,	 Grenouillet	 G,	 Douxfils	 J,	 Mandiki	 SNM,	 Milla	 S,	 Silvestre	 F,	
Kestemont	 P.	 2012.	 Evidence	 that	 elevated	 water	 temperature	 af-
fects	 the	 reproductive	 physiology	 of	 the	 European	 bullhead	 Cottus	
gobio.	Fish	Physiology	and	Biochemistry	38:	389–399.	

Douda	K.	2015.	Host-dependent	vitality	of	juvenile	freshwater	mussels:	
implications	for	breeding	programs	and	host	evaluation.	Aquaculture	
445:	5–10.	

Douda	 K,	 Horký	 P,	 Billý	 M.	 2012.	 Host	 limitation	 of	 the	 thick-shelled	
river	 mussel:	 identifying	 the	 threats	 to	 declining	 affiliate	 species.	
Animal	Conservation	15:	536–544.	

Douda	 K,	 Sell	 J,	 Kubíková-Peláková	 L,	 Horký	 P,	 Kaczmarczyk	 A,					
Mioduchowska	M,	Blanchard	J.	2014.	Host	compatibility	as	a	critical	
factor	 in	management	unit	recognition:	population-level	differences	
in	 mussel-fish	 relationships.	 Journal	 of	 Applied	 Ecology	 51:	 1085–
1095.	

Downing	JA,	Rochon	Y,	Pérusse	M.	1993.	Spatial	aggregation,	body	size,	
and	 reproductive	 success	 in	 the	 freshwater	 mussel	 Elliptio											
complanata.	Journal	of	the	North	American	Benthological	Society	12:	
148–156.	

Eybe	 T,	 Arendt	 A,	 Klein	 L,	 Heumann	 S,	 Thielen	 F.	 2014,	Restoration	 of	
Unio	 crassus	 rivers	 in	 the	 Luxemburgish	 Ardennes	 LIFE11	
NAT/LU/857.	natur	&	ëmwelt	/	Fondation	Hëllef	fir	d‘Natur:	Luxem-
bourg.	

Ferguson	 CD,	 Blum	 MJ,	 Raymer	 ML,	 Eackles	 MS,	 Krane	 DE.	 2013.	
Population	structure,	multiple	paternity,	and	long-distance	transport	
of	 spermatozoa	 in	 the	 freshwater	 mussel	 Lampsilis	 cardium										
(Bivalvia:	Unionoidae).	Freshwater	Science	32:	267–282.	

Geist	 J.	2010.	Strategies	 for	the	conservation	of	endangered	freshwater	
pearl	mussels	(Margaritifera	margaritifera	L.):	a	synthesis	of	conser-
vation	genetics	and	ecology.	Hydrobiologia	644:	69–88.	

Geist	 J.	2015.	Seven	steps	 towards	 improving	 freshwater	 conservation.	
Aquatic	 Conservation:	 Marine	 and	 Freshwater	 Ecosystems	 25:	 447–
453.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

38	
	

Geist	 J,	 Kuehn	R.	 2005.	 Genetic	 diversity	 and	 differentiation	 of	 central	
European	 freshwater	 pearl	 mussel	 (Margaritifera	 margaritifera	 L.)	
populations:	 implications	 for	 conservation	 and	 management.							
Molecular	Ecology	14:	425–439.	

Geist	J,	Kuehn	R.	2008.	Host-parasite	interactions	in	oligotrophic	stream	
ecosystems:	 the	 roles	 of	 life-history	 strategy	 and	 ecological	 niche.	
Molecular	Ecology	17:	997–1008.	

Haag	WR,	 Stoeckel	 JA.	 2015.	 The	 role	 of	 host	 abundance	 in	 regulating	
populations	 of	 freshwater	 mussels	 with	 parasitic	 larvae.	Oecologia	
178:	1159–1168.	

Haag	WR,	Warren	ML.	1998.	Role	of	ecological	factors	and	reproductive	
strategies	 in	 structuring	 freshwater	mussel	 communities.	Canadian	
Journal	of	Fisheries	and	Aquatic	Sciences	55:	297–306.	

Haag	 WR,	 Warren	 ML.	 2003.	 Host	 fishes	 and	 infection	 strategies	 of	
freshwater	mussels	in	large	Mobile	Basin	streams,	USA.	Journal	of	the	
North	American	Benthological	Society	22:	78–91.	

Harms	W.	 1907.	 Über	 die	 postembryonale	 Entwicklung	 von	 Anodonta	
piscinalis.	Zoologischer	Anzeiger	XXXI:	801–814.	

Hastie	LC,	Young	MR.	2003.	Timing	of	spawning	and	glochidia	release	in	
Scottish	freshwater	pearl	mussel	(Margaritifera	margaritifera)	popu-
lations.	Freshwater	Biology	48:	2107–2117.	

Hochwald	S.	 1997.	Das	Beziehungsgefüge	 innerhalb	der	Größenwachs-
tums-	 und	 Fortpflanzungsparameter	 bayrischer	 Bachmuschel-	
populationen	(Unio	crassus	Phil.	1788)	und	dessen	Abhängigkeit	von	
Umweltparametern.	 PhD	 thesis:	 Lehrstuhl	 für	 Tierökologie	 I	 der	
Universität	Bayreuth,	Germany.	

Hochwald	 S.	 2001.	 Plasticity	 of	 life-history	 traits	 in	 Unio	 crassus.	 In	
Ecology	and	evolution	of	 the	 freshwater	mussels	unionoida,	Bauer	G,	
Wächtler	K	(eds).	Springer-Verlag:	Berlin.	

Hochwald	 S,	 Bauer	 G.	 1990.	 Untersuchungen	 zur	 Populationsökologie	
und	 Fortpflanzungsbiologie	 der	 Bachmuschel	 Unio	 crassus	 (PHIL.)	
1788.	Schriftenreihe	Bayer.	Landesamt	fuer	Umweltschutz	97.	

Howard	 JK,	 Cuffey	 KM.	 2006.	 The	 functional	 role	 of	 native	 freshwater	
mussels	 in	 the	 fluvial	 benthic	 environment.	Freshwater	Biology	51:	
460–474.	

Israel	W.	1913,	Biologie	der	europäischen	Süβwassermuscheln.	K.G.	Lutz	
Verlag:	Stuttgart.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

39	
	

Jansen	 W,	 Bauer	 G,	 Zahner-Meike	 E.	 2001.	 Glochidial	 mortality	 in	
freshwater	mussels.	 In	Ecology	and	evolution	of	the	freshwater	mus-
sels	unionoida,	Bauer	G,	Wächtler	K	(eds).	Springer-Verlag:	Berlin.	

Jokela	 J,	 Palokangas	 P.	 1993.	 Reproductive	 tactics	 in	 Anodonta	 clams:	
parental	host	recognition.	Animal	Behaviour	46:	618–620.	

Kaltz	 O,	 Skyhoff	 JA.	 1998.	 Local	 adaptation	 in	 host-parasite	 systems.	
Heredity	81:	361–370.	

Kapos	V,	Manica	A,	Aveling	R,	Bubb	P,	Carey	P,	Entwistle	A,	Hopkins	 J,	
Mulliken	T,	Safford	R,	Stattersfield	A,	et	al.	2010.	Defining	and	meas-
uring	success	in	conservation.	In	Trade-offs	in	conservation:	deciding	
what	 to	 save,	Leader-Williams	N,	Adams	WM,	Smith	RJ	 (eds).	Wiley	
Blackwell:	Oxford,	Hoboken,	NJ;	73–93.	

Källersjö	M,	 von	Proschwitz	 T,	 Lundberg	 S,	 Eldenäs	 P,	 Erséus	 C.	 2005.	
Evaluation	of	 ITS	rDNA	as	a	complement	 to	mitochondrial	gene	se-
quences	for	phylogenetic	studies	in	freshwater	mussels:	an	example	
using	 Unionidae	 from	 north-western	 Europe.	 Zoologica	 Scripta	34:	
415–424.	

Knaepkens	G,	Baekelandt	K,	Eens	M.	2005.	Assessment	of	the	movement	
behaviour	 of	 the	 bullhead	 (Cottus	 gobio),	 an	 endangered	 European	
freshwater	fish.	Animal	Biology	55:	219–226.	

Kurunczi	 S,	 Török	 S,	 Chevallier	 P.	 2001.	 A	 micro-XRF	 study	 of	 the	
element	distribution	on	the	growth	front	of	mussel	shell	(Species	of	
Unio	crassus	Retzius).	Mikrochimica	Acta	137:	41–48.	

Lamand	 F,	 Roche	 K,	 Beisel	 J-N.	 2016.	 Glochidial	 infestation	 by	 the	
endangered	mollusc	Unio	 crassus	 in	 rivers	 of	 north-eastern	France.	
Aquatic	 Conservation:	 Marine	 and	 Freshwater	 Ecosystems	 26:	 445–
455.	

Leader-Williams	N,	Adams	WM,	Smith	RJ.	2010.	Deciding	what	to	save:	
trade-offs	 in	 conservation.	 In	 Trade-offs	 in	 conservation:	 deciding	
what	 to	 save,	Leader-Williams	N,	Adams	WM,	Smith	RJ	 (eds).	Wiley	
Blackwell:	Oxford,	Hoboken,	NJ;	1–13.	

Levine	TD,	Lang	BK,	Berg	DJ.	2012.	Physiological	and	ecological	hosts	of	
Popenaias	 popeii	 (Bivalvia:	 Unionidae):	 laboratory	 studies	 identify	
more	hosts	than	field	studies.	Freshwater	Biology	57:	1854–1864.	

Lieth	H.	1974,	Phenology	and	Seasonality	Modeling.	Ecological	studies	8.	
Springer-Verlag,	New	York.		



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

40	
	

Lopes-Lima	M,	 Kebapçı	 U,	 VanDamme	D.	 2014a.	 The	 IUCN	Red	 List	 of	
Threatened	Species.	www.iucnredlist.org	[8	September	2015].	

Lopes-Lima	 M,	 Sousa	 R,	 Geist	 J,	 Aldridge	 DC,	 Araujo	 R,	 Bergengren	 J,	
Bespalaya	Y,	Bodis	E,	Burlakova	L,	 van	Damme	D,	 et	 al.	2016.	Con-
servation	status	of	freshwater	mussels	in	Europe:	state	of	the	art	and	
future	 challenges.	Biological	 reviews	 of	 the	 Cambridge	 Philosophical	
Society.	DOI:	10.1111/brv.12244.	

Lopes-Lima	 M,	 Teixeira	 A,	 Froufe	 E,	 Lopes	 A,	 Varandas	 S,	 Sousa	 R.	
2014b.	 Biology	 and	 conservation	 of	 freshwater	 bivalves:	 past,	 pre-
sent	and	future	perspectives.	Hydrobiologia	735:	1–13.	

Luck	GW,	Daily	GC,	Ehrlich	PR.	 2003.	Population	diversity	 and	 ecosys-
tem	services.	Trends	in	Ecology	&	Evolution	18:	331–336.	

Lundberg	 S,	 Proschwitz	 T	 von.	 2004,	 Tjockskalig	 Målarmussla	
i	Södermanlands	 Län.	 Länstyrelsen	 Södermanlands	 län.	 Rapport	 Nr	
2004:8:	Nyköping,	Sweden.	

Lydeard	 C,	 Cowie	 RH,	 Ponder	 WF,	 Bogan	 AE,	 Bouchet	 P,	 Clark	 SA,	
Cummings	KS,	Frest	TJ,	Gargomony	O,	Herbert	DGI,	et	al.	2004.	The	
global	decline	of	nonmarine	mollusks.	BioScience	54:	321.	

Mace	GM.	2010.	Drivers	of	biodiversity	change.	In	Trade-offs	in	conserva-
tion:	deciding	what	to	save,	Leader-Williams	N,	Adams	WM,	Smith	RJ	
(eds).	Wiley	Blackwell:	Oxford,	Hoboken,	NJ;	349–364.	

Mosley	TL,	Haag	WR,	Stoeckel	JA.	2014.	Egg	fertilisation	in	a	freshwater	
mussel:	 effects	 of	 distance,	 flow	 and	 male	 density.	 Freshwater							
Biology	59:	2137–2149.	

Myers	N,	Mittermeier	RA,	Mittermeier	CG,	da	Fonseca	GA,	Kent	J.	2000.	
Biodiversity	hotspots	 for	 conservation	priorities.	Nature	403:	 853–
858.	

Nunney	 L,	 Campbell	 KA.	 1993.	 Assessing	 minimum	 viable	 population	
size:	 demography	 meets	 population	 genetics.	 Trends	 in	 Ecology	 &	
Evolution	8:	234–239.	

O’Connell	MT,	Neves	RJ.	1999.	Evidence	of	immunological	responses	by	
a	host	fish	(Ambloplites	rupestris)	and	two	non-host	fishes	(Cyprinus	
carpio	 and	 Carassius	 auratus)	 to	 glochidia	 of	 a	 freshwater	 mussel	
(Villosa	iris).	Journal	of	Freshwater	Ecology	14:	71–78.	

Österling	 EM.	 2015.	 Influence	 of	 host	 fish	 age	 on	 a	 mussel	 parasite	
differs	 among	 rivers:	 implications	 for	 conservation.	 Limnologica	 -	
Ecology	and	Management	of	Inland	Waters	50:	75–79.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

41	
	

Österling	 EM,	 Arvidsson	 BL,	 Greenberg	 LA.	 2010.	 Habitat	 degradation	
and	 the	 decline	 of	 the	 threatened	 mussel	 Margaritifera																			
margaritifera:	 influence	of	turbidity	and	sedimentation	on	the	mus-
sel	and	its	host.	Journal	of	Applied	Ecology	47:	759–768.	

Österling	EM,	Greenberg	LA,	Arvidsson	BL.	2008.	Relationship	of	biotic	
and	 abiotic	 factors	 to	 recruitment	 patterns	 in	 Margaritifera											
margaritifera.	Biological	Conservation	141:	1365–1370.	

Österling	EM,	Larsen	BM.	2013.	 Impact	of	origin	and	 condition	of	host	
fish	(Salmo	trutta)	on	parasitic	larvae	of	Margaritifera	margaritifera.	
Aquatic	 Conservation:	 Marine	 and	 Freshwater	 Ecosystems	 23:	 564–
570.	

Österling	EM,	Söderberg	H.	2015.	Sea-trout	habitat	fragmentation	affects	
threatened	 freshwater	 pearl	 mussel.	 Biological	 Conservation	 186:	
197–203.	

Pandolfo	TJ,	Kwak	TJ,	Cope	WG.	2012.	Thermal	tolerances	of	freshwater	
mussels	 and	 their	 host	 fishes:	 species	 interactions	 in	 a	 changing	
climate.	 Walkerana:	 the	 Journal	 of	 the	 Freshwater	 Mollusk														
Conservation	Society	15:	69–82.	

Parmesan	 C.	 2006.	 Ecological	 and	 evolutionary	 responses	 to	 recent	
climate	change.	Annual	Review	of	Ecology,	Evolution,	and	Systematics	
37:	637–669.	

Paull	 SH,	 Johnson	 PTJ.	 2014.	 Experimental	 warming	 drives	 a	 seasonal	
shift	 in	the	timing	of	host-parasite	dynamics	with	consequences	for	
disease	risk.	Ecology	letters	17:	445–453.	

Payton	 SL,	 Johnson	 PD,	 Jenny	 MJ.	 2016.	 Comparative	 physiological,	
biochemical,	and	molecular	thermal	stress	response	profiles	for	two	
Unionid	 freshwater	 mussel	 species.	 The	 Journal	 of	 Experimental			
Biology.	

Peterson	G,	Allen	CR,	Holling	CS.	1998.	Ecological	resilience,	biodiversi-
ty,	and	scale.	Ecosystems	1:	6–18.	

Poulin	R.	 2007,	Evolutionary	 Ecology	 of	 Parasites.	 Princeton	University	
Press,	Princeton:	New	Jersey,	USA.	

Rogers	 SO,	 Watson	 BT,	 Neves	 RJ.	 2001.	 Life	 history	 and	 population	
biology	 of	 the	 endangered	 tan	 riffleshell	 (Epioblasma	 florentina	
walkeri)	 (Bivalvia:	 Unionidae).	 Journal	 of	 the	 North	 American							
Benthological	Society	20:	582–594.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

42	
	

Scheder	C,	Lerchegger	B,	 Jung	M,	Csar	D,	Gumpinger	C.	2014.	Practical	
experience	in	the	rearing	of	freshwater	pearl	mussels	(Margaritifera	
margaritifera):	 advantages	 of	 a	 work-saving	 infection	 approach,	
survival,	 and	 growth	 of	 early	 life	 stages.	Hydrobiologia	 735:	 203–
212.	

Simberloff	 D,	 Abele	 LG.	 1982.	 Refuge	 design	 and	 island	 biogeographic	
theory:	 effects	 of	 fragmentation.	The	 American	Naturalist	120:	 41–
50.	

Soulé	ME.	1985.	What	is	conservation	biology?	BioScience	35:	727–734.	
Spooner	 DE,	 Xenopoulos,	 M.,	 A.,	 Schneider	 C,	 Woolnough	 DA.	 2011.	

Coextirpation	of	host-affiliate	relationships	 in	rivers:	 the	role	of	cli-
mate	change,	water	withdrawal,	and	host-specificity.	Global	Change	
Biology	17:	1720–1732.	

Stenseth	NC,	Mysterud	A.	2002.	Climate,	changing	phenology,	and	other	
life	history	traits:	nonlinearity	and	match-mismatch	to	 the	environ-
ment.	Proceedings	of	 the	National	Academy	of	Sciences	of	 the	United	
States	of	America	99:	13379–13381.	

Stoeckl	K.	2016.	Defining	 the	ecological	niche	of	 the	 thick-shelled	river	
mussel	Unio	crassus	-	implications	for	the	conservation	of	an	endan-
gered	species.	PhD	thesis:	Lehrstuhl	 für	Aquatische	Systembiologie.	
Fakultät	 Wissenschaftszentrum	 Weihenstephan	 für	 Ernährung,	
Landnutzung	 und	 Umwelt.	 Technische	 Universität	 München,								
Germany.	

Stoeckl	K,	Taeubert	J-E,	Geist	J.	2014.	Fish	species	composition	and	host	
fish	 density	 in	 streams	 of	 the	 thick-shelled	 river	 mussel	 (Unio							
crassus)	 -	 implications	 for	 conservation.	 Aquatic	 Conservation:					
Marine	and	Freshwater	Ecosystems:	DOI:	10.1002/aqc.2470.	

Strayer	DL.	2008,	Freshwater	mussel	ecology:	a	multifactor	approach	to	
distribution	and	abundance.	University	of	California	Press:	Berkeley,	
CA.	

Strayer	DL,	Downing	 JA,	Haag	WR,	King	TL,	 Layzer	 JB.	 2004.	Changing	
perspectives	 on	 pearly	 mussels,	 North	 America’s	 most	 imperiled	
animals.	BioScience	54:	429–439.	

Taeubert	 J-E,	 Martinez	 AMP,	 Gum	 B,	 Geist	 J.	 2012.	 The	 relationship	
between	 endangered	 thick-shelled	 river	mussel	 (Unio	 crassus)	 and	
its	host	fishes.	Biological	Conservation	155:	94–103.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

43	
	

Teutsch	 S.	 1997.	 Populationsbiologische	 Untersuchung	 an	 Anodonta:	
Fortpflanzungsstrategien	 und	 Charakterisierung	 von	 Teilpopulatio-
nen	 innerhalb	 eines	 Stillgewässers.	 Diploma	 thesis:	 Lehrstuhl	
Ökologie,	 Morphologie	 und	 Evolutionsbiologie,	 Universiät	 Freiburg	
(i.	Breisgau),	Germany.	

Thompson	 JN,	 Nuismer	 SL,	 Gomulkiewicz	 R.	 2002.	 Coevolution	 and	
Maladaptation.	The	 Society	 for	 Integrative	 and	 Comparative	 Biology	
42:	381–387.	

Wang	N,	 Ivey	CD,	 Ingersoll	CG,	Brumbaugh	WG,	Alvarez	D,	Hammer	EJ,	
Bauer	 CR,	 Augspurger	 T,	 Raimondo	 S,	 Barnhart	 MC.	 2016.	 Acute	
sensitivity	of	a	broad	range	of	freshwater	mussels	to	chemicals	with	
different	modes	of	toxic	action.	Environmental	toxicology	and			chem-
istry.	DOI:	10.1002/etc.3642.	

Watters	GT.	2001.	The	evolution	of	the	Unionacea	in	North	America,	and	
its	implications	for	the	worldwide	fauna.	In	Ecology	and	evolution	of	
the	 freshwater	 mussels	 unionoida,	 Bauer	 G,	 Wächtler	 K	 (eds).			
Springer-Verlag:	Berlin,	Germany;	281–307.	

Vaughn	 CC,	 Hakenkamp	 C.	 2001.	 The	 functional	 role	 of	 burrowing	
bivalves	 in	 freshwater	 ecosystems.	 Freshwater	 Biology	 46:	 1431–
1446.	

Vaughn	 CC,	 Nichols	 SJ,	 Spooner	 DE.	 2008.	 Community	 and	 foodweb	
ecology	 of	 freshwater	 mussels.	 Journal	 of	 the	 North	 American								
Benthological	Society	27:	409–423.	

Vaughn	CC,	Taylor	CM.	2000.	Macroecology	of	a	host-parasite	relation-
ship.	Ecography	23:	11–20.	

Vaughn	CC.	 2010.	Biodiversity	 losses	 and	 ecosystem	 function	 in	 fresh-
waters:	 emerging	 conclusions	 and	 research	 directions.	 BioScience	
60:	25–35.	

Welte	R.	1999.	Wirtserkennung	bei	der	Teichmuschel	Anodonta	cygnea	
(L.)	und	der	Bachmuschel	Unio	crassus	(PHIL.).	Diploma	thesis:	Lehr-
stuhl	 Ökologie,	 Morphologie	 und	 Entwicklungsbiologie,	 Universität	
Freiburg	(i.	Breisgau),	Germany.	

Wengström	 N,	Wahlqvist	 F,	 Näslund	 J,	 Aldvén	 D,	 Závorka	 L,	 Österling	
ME,	 Höjesjö	 J,	 Wright	 J.	 2016.	 Do	 individual	 activity	 patterns	 of	
brown	trout	(Salmo	trutta)	alter	the	exposure	to	parasitic	freshwater	
pearl	 mussel	 (Margaritifera	 margaritifera)	 larvae?	 Ethology	 122:	
769–778.	



Conservation	ecology	of	thick-shelled	river	mussel	Unio	crassus	
	

44	
	

Vicentini	H.	2005.	Unusual	spurting	behaviour	of	the	freshwater	mussel	
Unio	crassus.	Journal	of	Molluscan	Studies	71:	409–410.	

Visser	 ME,	 Noordwijk	 AJv,	 Tinbergen	 JM,	 Lessells	 CM.	 1998.	 Warmer	
springs	 lead	 to	 mistimed	 reproduction	 in	 great	 tits	 (Parus	 major).	
Proceedings	 of	 the	 Royal	 Society	 B:	 Biological	 Sciences	 265:	 1867–
1870.	

Wächtler	 K.	 2001.	 Larval	 types	 and	 early	 postlarval	 biology	 in	 naiads	
(Unionoida).	 In	 Ecology	 and	 evolution	 of	 the	 freshwater	 mussels			
unionoida,	Bauer	G,	Wächtler	K	(eds).	Springer-Verlag:	Berlin.	

Young	M,	Williams	J.	1984.	The	reproduction	biology	of	 the	 freshwater	
pearl	mussel	Margaritifera	margaritifera	(LINN.)	in	Scotland.	Archiv	
fuer	Hydrobiologie	99:	405–422.	

Zahner-Meike	 E,	 Hanson	 JM.	 2001.	 Effect	 of	 muskrat	 predation	 on	
naiads.	In	Ecology	and	evolution	of	the	freshwater	mussels	unionoida,	
Bauer	G,	Wächtler	K	(eds).	Springer-Verlag:	Berlin,	Germany.	

Zale	AV,	Neves	RJ.	1982.	Fish	hosts	of	four	species	of	lampsiline	mussels	
(Mollusca:	 Unionidae)	in	 Big	 Moccasin	 Creek,	 Virginia.	 Canadian	
Journal	of	Zoology	60:	2535–2542.	

Zanatta	 DT,	 Wilson	 CC.	 2011.	 Testing	 congruency	 of	 geographic	 and	
genetic	 population	 structure	 for	 a	 freshwater	 mussel	 (Bivalvia:			
Unionoida)	and	its	host	fish.	Biological	Journal	of	the	Linnean	Society	
102:	669–685.	

Zettler	ML.	1996,	Populationen	der	Bachmuschel	Unio	crassus	(PHILIPS-
SON	 1788)	in	 den	 Einzugsgebieten	 der	 Elbe	 und	 Warnow	 in	
Mecklenburg-Vorpommern-	 Ein	 Vergleich.	Deutsche	 Gesellschaft	 für	
Limnologie.	Tagungsbericht	1995	(Berlin)	1:	446-450.	



	

*Nilsson	 PA.	 2000.	 Pikeivory:	 behavioural	 mechanisms	 in	 northern	 pike	 piscivory.	
PhD	thesis.	Lund	University,	Sweden.	

45	
	

TACK		

A	 taxonomic	 identification	 key	 can	 be	 a	 help	when	 identifying	 species	
from	their	characteristics.	In	the	same	way,	the	following	key,	modified	
from	*Nilsson	(2000),	can	help	you	search	for	YOUR	name	[1].	However,	
unavoidable	 redundancy	 leads	 to	 some	 people	 being	 classified	 in	
multiple	groups.	In	addition,	this	taxonomy	only	includes	people	that	are	
known	to	have	heard	about	freshwater	mussels	during	the	course	of	the	
last	five	years,	so	some	that	I	owe	my	thanks	remain	unnamed.	
	
	
	
	

1. -	 	 You	 have	 actively	 contributed	 to	 this	 thesis	 and	 know	 a	 lot	 about	 U.	
crassus							 	 	 	 	 	2	
- Your	knowledge	about	large	freshwater	mussels	is	mainly	derived	from	

personal	communication.			 	 																																																13		
2. At	this	point,	the	taxonomy	splits	into	four	subcategories.		

- You	enabled	this	work.		 	 	 	 	3		
- You	can	claim	that	you	have	revised	large	parts	of	my	PhD	thesis		 	4			
- Without	you	data	collection	would	have	been	troublesome.		 	6		
- None	of	these	points	really	fit.		 	 	 																							12	

3. You	 initiated	 UCforLIFE	 and	 included	 research	 in	 this	 European	 LIFE	
project.	Ivan	Olsson,	thank	you	for	thinking	out	of	the	box	and	believing	in	
my	work.				

4. -					You	can	name	me	in	your	CV	in	the	category	‘PhD	supervision’.		 	5		
- You	can	name	me	in	your	CV	in	the	category	 ‘PhD	examination’.	Larry	

Greenberg.	Thanks	for	holding	this	official	role	and	revising	my	thesis.	
- You	read	this	thesis	out	of	general	curiosity	about	all	forms	of	research,	

and	the	pleasure	to	help	others.	Thank	you,	Jack	Piccolo.		
5. You	guided	me	though	this	very	important	part	of	my	life!	You	think	that… 

- pikeivory	fish	are	cool,	as	are	alpacas.	Anders	Nilsson	
salmonid	fish	are	cool;	their	behavior,	in	particular.	Johan	Höjesjö	

- salmonid	 fish	 are	 cool,	 as	 they	 host	Margaritifera	 margaritifera.	 But,				
U.	crassus	is	cool,	too.	Of	courrrse.	Martin	Österling	

It	was	 the	 combination	of	 all	 three	of	 you	 that	 showed	me	how	different	
researchers	can	 think,	write,	and	supervise	a	PhD	student,	and	still	work	

[1]	Quick	guide	for	non-biologists:	Start	at	1.,	pick	one	of	 the	sub-categories	and	
follow	the	numbered	reference	on	the	right-hand	side.	Repeat.	
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perfectly	together.	I	learned	a	lot!	Your	endless	patience	and	motivation	to	
support	me	means	a	lot	to	me.	Thank	you	for	everything! 

6. At	this	point	even	more	subcategories	are	needed.	 
- You	may	 still	 smell	 like	material	 from	waders	 and	 dream	 of	 juvenile						

U.	crassus.		 	 	 	 																							11	
- Project	organization,	 lab	construction,	Swedish	regulations,	 communi-

cation	with	landowners	etc.	You	know	a	lot	about	this!		 	 	7		
- You	know	where	to	find	U.	crassus	in	your	county.		 	 	8	
- You	know	Fyledalen	best.		 	 	 	 	9	
- You	know	how	to	fish.		 	 	 																							10	
- You	 have	 known	 about	U.	 crassus	 populations	 in	 Sweden	 long	 before	

most	 other	 people	 and	 were	 highly	 interested	 in	 sharing	 this	 infor-
mation	 with	 others.	 Thanks	 for	 that	 Stefan	 Lundberg,	 Ted	 von	
Proschwitz	and	Jakob	Bergengren.	

- You	can	identify	them	all.	DNA	is	hands	down	your	favorite	and	area	of	
expertise.	Thank	you	 for	 introducing	me	 to	molecular	 techniques,	 Pia	
Eldenäs	and	Bodil	Cronholm.		

- Fieldwork	 would	 not	 have	 been	 possible	 without	 your	 collaboration	
and	 help	 at	 Hemmerstorps	 Mölla	 and	 in	 the	 field,	 Lennart	 Askman,	
Thomas	Persson,	and	all	farmers	letting	me	drive	over	their	properties.	

7. You	 know	 how	 to	 solve	 problems	 with	 e.g.	 floods,	 pumps,	 and	 money-
terms.	Ivan	Olsson,	Martin	Österling,	Vibeke	Liras	and	Sara	Sörensen.	Can	I	
also	call	you	in	the	future?		

8. Do	you	have	a	map?	Do	you	know	who	to	contact	and	if	we	can	fish	here?	
Do	you	have	fish	traps?	Can	you	help	in	the	field?	Do	you	know	a	place	to	
stay	nearby?	You	shared	your	local	knowledge	and	supported	field	work	of	
all	 different	 kinds!	 Thank	 you	 very	 much	 Helena	 Herngren,	 Andreas				
Nilsson,	Marie	Erikson,	Jakob	Bergengren,	Lars	Gezelius,	Urzula	Zinko,	Erik	
Årnfelt!	

9. You	 enabled	 all	 work	 in	 this	 beautiful	 valley.	 Ulrika	 Svärd,	 Charlotte	
Lindström	and	Stefan	Ewaldz.	

10. Fish,	fish	and	fish!	
- Electrofishing	is	fun!	But,	what	to	do	when	it	does	not	work?	Maybe	the	

anode,	the	temperature,	the	cable?	You	know	how	to	fix	things!	Niklas	
Wengstöm,	thanks	for	all	the	troubleshooting	and	for	teaching	me	HOW	
to	fish!	And	if	there	was	no	fish,	Anders	Eklöv	knew	where	to	get	them.	

11. Laboratory	work	is	more	fun	with	you!		
- We	shared	 the	very	 first	experiences	with	mussels	 in	2012	and	made	

things	 up	 as	we	went.	We	 learned	 a	 lot	 about	 how	not	 to	 implement	
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things.	We	had	good	help	from	Delphine	Lariviere!	We	survived	the	mill	
and	the	Canadian!	Thank	you	for	being	you,	Laura	Montin.	

- Questioning	my	 lab	 and	 field	 plans	 and	 ideas	 is	 your	 strength	which	
improved	the	work	considerably!	I	could	always	rely	on	you.	Thank	you	
for	that	and	for	work-relaxing	sauna	visits	in	Bjärred,	Kristin	Wutz.		

- You	know	where	the	moon	can	hang.	Odd	places!	Without	you,	the	field	
season	2013	and	2014	would	have	been	lonely	and	inefficient!	Thanks	
soo	 much	 for	 your	 help	 and	 craziness,	 Sandra	 Nordquist,	 Tina														
Petersson,	Oskar	Askling,	Kristin	Wutz	and	Jeroen	Jansen.			

- In	 2015	 and	 2016	 it	 was	 you	 to	 call!	 You	 were	 the	 driving	 force	 in	
Skåne.	You	now	know	all	about	mussels,	fish,	pumps,	stork	releases,	pit	
tag	 readers,	epoxy	glue,	 shellfish	diet	etc.	Valentina	Zürlsdorff,	Martin	
Škerlep,	Tina	Petersson,	thank	you	for	great	and	successful	times,	and	a	
lot	of	fun!		

- You	know	me	in	all	life	forms	and	supported	me	throughout	this	thesis,	
mentally	and	with	all	the	work,	Benedikt	Beck.	This	means	a	lot	to	me.		

12. Not	to	be	forgotten:	
- You	had	me	walk	small	distances	through	Fyledålen,	once,	twice,	…,	and	

asked	if	I	could	transfer	fish	X	to	aquaria	B,	steer	the	glochidia	solution	
again,	 and	 look	professional.	 Johan	Hammar	 thanks	 for	 production	 of	
the	UCforLIFE	project	movie!	

- You	helped	sampling!	Peter	Ljungberg	
13. Your	geographical	distribution		

- is	centred	around	the	southern	part	of	Sweden.		 																							14		
- is/shortly	was	centred	around	the	Swedish	postcode		65188.															15	
- is	centred	around	the	south	of	Germany		 																																																19	

14. -	 	 	This	category	 includes	a	whole	group	of	people	that	were	always	very	
kind	and	open	minded	to	this	PhD	student	from	Karlstad,	who	worked	in	
their	labs	and	aquaria	rooms,	had	lunch	in	the	same	‘fika	room’	and	drunk	
their	coffee.	Yes,	I	am	talking	about	you,	the	aquatic	ecology	group	at	Lund	
University,	with	 special	 thanks	 to	Marja,	AN,	Marie,	Kim,	 Pablo,	 Caroline,	
Ingrid,	Sara,	Becca,	Lynn,	Matthias,	Mikael,	Jerker,	Kaj,	Cecilia,	and	Calle.		
- You	also	work	in	Lund,	but	did	not	only	hang	out	with	me	at	the	univer-

sity.		 	 	 	 	 																							18		
15. -					You	work	in	house	5F	at	Karlstad	University.		 																							16	

- You	know	KAU	very	well	 but	 you	do	not	work	 at	 the	biology	depart-
ment.		 	 	 	 																							18	

16. -					You	work	with	fish	or	plants.		 	 	 																							17	
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- You	have	a	 leading,	administrative	or	a	 laboratory	engineering	role	at	
the	 biology	 department.	 Liselotte	 Engström,	 Kristina	 Osksarsson	 and	
Maria	Malmström.	Thanks	for	your	support	of	all	kinds.	

17. 	-	 	 You	 introduced	me	 to	 the	 Swedish	 culture,	 living	 and	 love	 of	 nature.										
____Stina	Eriksson.	Thanks	 for	 inviting	me	to	älggryta,	hackkorv	and	good	
____company.	
- You	showed	me	how	to	bake	Kanelbulle	or	how	to	BBQ	them.	You	 let	

me	understand	the	difference	between	Amica	and	Claessons	or	why	it’s	
worth	going	to	Claessons	on	Fridays.		 	 																							18	

- More	 are	 listed	 here:	 Olle	 Calles,	 Lutz	 Eckstein,	 Anna	 Hagelin,	 Åsa		
Enefalk,	 Johan	Watz,	 Anders	Nilsson,	 Jack	 Piccolo,	 Anders	 Andersson,	
Eva	Bergman	and	all	others.	Thanks	for	good	times	at	KAU!		

18. This	category	leads	to	great	friendship!	
- You	 are	 one	 important	 reason	why	 I	 came	 back	 to	 Sweden	 after	my	

master	 thesis.	We	 have	 had	 good	 times	 together	 at	 KAU	 and	 supple-
mented	 life	 as	 PhD	 students	 with	 lots	 of	 fun	 sports,	 spa,	 massage,	
shopping	 and	 good	 food	 and	 wine.	 Stina	 Gustafsson,	 you	 are																		
irreplaceable!		

- You	 fixed	my	computer	bugs	and	helped	me	with	datasheets	of	 thou-
sand	and	more	rows.	You	helped	me	understand	parts	of	the	world	of	
computer	 science.	 Thanks	 for	 that	 and	 good	 times	 climbing,	 drinking	
beers,	discussing	the	world	and	other	non-work	related	activities,	Toke	
Høiland-Jørgensen	and	Stefan	Berthold.	

- We	keep	on	breathing,	laughing,	and	enjoying	life	because	it’s	worth	it,	
Jenny	Freitt,	thanks	for	sharing!	

- Geographical	 distribution	 is	 no	 barrier	 for	 human	 communication.	
Don’t	 stop	 writing	 and	 calling!,	 Daniel	 Nyquist,	 Melanie	 Hedgespeth,	
Caroline	 Björnerås,	 Vide	 Ohlin,	 Alex&Lisa	 Hedbrant,	 Martin	 Křepela,	
and	Pyry	Hämäläinen.	

- No	one	should	work	alone.	 I	did	not!	Marja	Boström,	thanks	for	being	
my	friend	and	mentor!	

- You	made	me	survive	the	last	steps	of	my	PhD	thesis.	Danke	Björn!	
19. My	family	who	has	known	me	longest.	

- The	thesis	would	be	too	long	and	expensive	if	 I	were	to	thank	you	for	
all	you	mean	to	me.	Mum	and	Dad.	You	are	my	base.	

- You	have	been	forced	to	grow	up	with	me.	Bo,	I	am	proud	of	you	and	Lis	
and	Jenny.	

- Nature	is	great.	You	live	in,	with,	and	for	it.	Since	I	was	born,	you	have	
been	teaching	me	how	to	look	at	it	carefully.	Danke	dafür,	Edi!		

- You	have	always	supported	me	Gina,	Frankee	and	Claudia.		 
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