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Anderson, L indsay P. M .S., A p ril 2002 B io logy

P opu la tion  Genetics and C onservation o f the F reshw ater M ussel 
Margaritifera falcata  from  the N orthw este rn  U n ited  States

D irecto r: Fred W. A llen do rf

F reshw ater m usse ls are a t great r is k  fo r los ing genetic v a r ia b ility  due to 
de c lin in g  and increas ing ly  fragm ented h a b ita t fo r them selves and the fish  
they depend up on  fo r developm ent and dispersal. Today m arg a ritife rids  
are dec lin ing  g lobally. Margaritifera falcata  is  cu rre n tly  lis ted  as having 
unde te rm ined  conservation s ta tus  due to  the lack  o f knowledge o f th is  
species (W illiam s et a l  1993). Allozyme analysis was used to describe the 
genetic po p u la tio n  s tru c tu re  o f the freshw ater m ussel Margaritifera 
falcata  from  n ine rivers o f the N orthw estern  U n ited  States. O f twelve loci 
exam ined, s ix  were found  to be po lym orph ic. The m ean heterozygosity in  
popu la tions  was 4.2%. W ith in -p o p u la tio n  genetic va ria tio n  accounted fo r 
57% o f the to ta l va ria tio n  observed. O n ly  2% o f the observed genetic 
d iffe re n tia tio n  is  a ttr ib u ta b le  to differences am ong popu la tions  w ith in  a 
m in o r dra inage. A m ong-popu la tion  va ria tio n  {Fsr) accounted fo r 41%  o f 
the to ta l va ria tion . Seven o f 13 popu la tions  had a t least one locus th a t 
d id  n o t m eet H ardy-W einberg expectations and in  a ll cases these loci 
represented a de fic it o f heterozygotes. The prevalence o f heterozygote 
defic iency provides evidence fo r some se lf-fe rtiliza tion  in  these 
popu la tions . There is very lit t le  difference in  genetic d istances am ong 
popu la tion s  b u t popu la tions  generally appear to fa ll in to  three 
geographical groupings; coastal, m id -bas in , and headwaters. 
Conservation efforts shou ld  focus on preserving several d iffe ren t 
popu la tion s  due to the re la tive ly  h igh  am ong-popu la tion  genetic 
va ria tion .
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INTRODUCTION

Freshw ater m ussels are a t great r is k  fo r los ing genetic v a r ia b ility  due to 

dec lin in g  and increas ing ly  fragm ented h a b ita t fo r them selves and the fish  

they depend upon  fo r developm ent and dispersal. C u rre n tly  more tha n  

71%  o f the  N o rth  A m erican freshw ater m usse l fa u n a  is considered 

endangered, th reatened o r o f special concern, w h ile  less th a n  25% are 

considered stable in  th e ir  c u rre n t state (W illiam s et a l  1993).

The freshw ate r pearl m usse l Margaritifera falcata  c u rre n tly  has 

unde te rm ined  conserva tion s ta tus  (W illiam s et al. 1993). Th is  species 

has a broad d is tr ib u tio n  in  the Pacific N orthw estern  U n ited  States 

(C larke 1981, Toy 1998, C ra ig  1994, S tock 1996). A lth ou gh  Margaritifera 

falcata  is  w ide ly  d is tr ib u te d  th ro u g h o u t the cold and c lear rive rs and 

stream s o f the west, i t  appears to  have lim ite d  genetic d ive rs ity  overall.

E x tin c tio n  o f u n io n o id s  in  the U n ited  States has been m a in ly  a ttr ib u te d  

to the im p o u n d m e n t o f m a jo r rive rs (Bogan 1993, V aughn  and Taylor 

1999, W illiam s et a l  1993, W atte rs 1996, R ich te r et a l  1997). The 

presence o f dam s is  a great th re a t to the long -te rm  p ro life ra tio n  o f 

freshw ate r m ussels (F igure 1). The negative im p a c t o f dam s in  the Pacific 

N orthw est has been c learly  dem onstra ted by the dec lin ing  po pu la tion s  of

1
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salm onids. T h is  lik e ly  affects Margaritifera falcata  th ro u g h  its  

dependence on sa lm on ids as hosts d u r in g  th e ir  ob liga to ry  pa ras itic  

g loch id ia l stage.

Dam s create p a rtic u la r ha rdsh ip s  fo r freshw ater m usse ls fo r several 

reasons. For lo tie  species, they im p ou nd  flow ing h a b ita t, greatly  reducing  

w a te r ve locities as w e ll as in u n d a tin g  diverse substra tes w ith  fine 

sedim ents (Bogan 1993). T h is  is no t on ly  d e trim en ta l fo r the m ussels b u t 

also fo r the  lo tie  (and som etim es anadrom ous) fish  species th a t they re ly 

upon  as hosts (W atters 1996). The fish  are unab le  to  move freely w ith in  

the rive r system  p ro v id ing  d issem ina tion  (gene flow  th ro u g h  m igra tion) o f 

the m ussels. A pprop ria te  spaw ning h a b ita t fo r the lo tie  fish  is also lost or 

im pa ired . M ussels dow nstream  o f the dam  are subjected to  scouring 

effects from  the ou tflow , w h ich  can create unstab le  substra tes as w e ll as 

in u n d a tio n  of fine  sedim ents fu r th e r dow nstream . U n n a tu ra l flow  

regimes in  the dam  ou tflow  are also de trim en ta l to m ussels, as th e ir  life 

h is to ry  strategies are adapted to  a n a tu ra l hyd rog raph  (Payne and M ille r 

2000).

Margaritifera falcata  (Western pearlshell) is  a m em ber o f the Fam ily  

M argaritife ridae , w h ich  is  represented by  5 N o rth  A m erican species 

(Turgeon et a l  1998). U n like  m an y o th e r u n io n o id  genera, Margaritifera
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has a h o la rc tic  representa tion. M ost o f o u r knowledge o f the fa m ily  

comes from  Europe where Margaritifera margaritifera was once very 

a b u n d a n t (Beasley and Roberts 1999, B uddensiek 1995, B auer 1987, 

A ra u jo  and Ramos 2000). Today m a rg a ritife rid s  are dec lin ing  globally. 

Margaritifera falcata  is cu rre n tly  lis ted  as having  unde te rm ined  

conserva tion s ta tu s  due to  the lack  o f knowledge o f th is  species (W illiam s 

et al. 1993).

The objectives o f th is  s tudy are to:

1. describe the po p u la tio n  genetic s tru c tu re  o f Margaritifera 

falcata  from  the  C o lum b ia  River basin  and 2 ad jacent basins;

2. D eterm ine the  spa tia l re la tio nsh ip  o f the genetic va ria tion  

between popu la tions.

T h rough  a be tte r u n d e rs ta n d in g  o f the p o p u la tion  genetic s tru c tu re  o f 

th is  species, we can begin to manage Margaritifera falcata  in  a w ay th a t 

w ill preserve its  genetic d ive rs ity .

Distribution o f M argaritifera fa lc a ta

The range o f Margaritifera falcata  is  from  C a lifo rn ia  and New M exico to 

the  sou the rn  in te r io r  o f B r it is h  C o lum b ia  to  Revillagigedo Is land , A laska
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(C larke 1981) (Figure 1). The eastern exten t o f the range is p r im a rily  

con ta ined  by the Rocky M o u n ta in  Range. However, there are lim ite d  

po p u la tio n s  recorded from  the U pper M issou ri R iver (Stober 1972), m ost 

lik e ly  in tro du ced  th ro u g h  fish  stocking.

Habitat

Margaritifera falcata  is  typ ica lly  found  in  cold, c lear and  h ig h ly  

oxygenated stream s and rive rs (Roscoe and Redelings 1964, S tock 1996). 

Because o f th e ir  dependence on th e ir  sa lm on id  hosts, they  are often 

found  in  tro u t and  sa lm on hab ita ts . S ubstra te  s ta b ility  is  essentia l fo r 

lo ng -te rm  v ia b ility  o f m usse l beds in  these h igh  g rad ien t systems 

(Vannote and M in sh a ll 1982, S tock 1996). S tock (1996) also noted the 

abundance o f ju ve n ile  sa lm on ids in  and a round  the m usse l beds.

A d u lt Margaritifera falcata  are unab le  to  escape any in u n d a tio n  w ith  

sed im ents (Vannote and M in sh a ll 1982). The au tho rs  found  several re lic  

(subfossil) po pu la tion s  in  the Snake R iver o f Idaho where en tire  beds o f 

M. falcata  had been bu rie d  u n d e r several centim eters o f sed im ent and 

died w ith  no evidence o f ve rtica l m ovem ent. Vannote  and M in sh a ll (1982) 

found  th a t u n d e r lab  cond itions, a d u lt M. falcata  w ou ld  n o t ve rtica lly  

m ig ra te  to  avoid in u n d a tio n  w ith  sedim ents, whereas, ju ve n ile s  w ou ld  

s low ly m igra te  (0.2 cm  h r^ )  ve rtica lly .
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s to c k  (1996) c learly  discusses the s im ila ritie s  between ju ve n ile  sa lm on id  

h a b ita t and  M. falcata  h a b ita t. W here ju ve n ile  sa lm on ids use cobbles 

bou lde rs  and logs fo r in -s tre am  cover, m ussels need them  fo r substra te  

s ta b ilily . B o th  groups pre fer slower w ate r velocities th a n  are found  in  the 

thalweg. These s trong  associations w ou ld  be expected due to the host- 

pa ras ite  re la tio n sh ip  between the sa lm on ids and M. falcata. I t  appears 

th a t the  h a b ita t o f M  falcata  is  m ost like ly  d ic ta ted  by its  ho s t’s h a b ita t 

preference (Stock 1996).

Life History

M ost freshw ate r m usse ls are dioecious and become sexua lly  m atu re  a t 

one to  e igh t years o f age (M cM ahon 1991). However, sexual m a tu r ity  in  

m arg a ritife ra  species has been estim ated a t anywhere from  9 to 20 years 

depending on th e ir  g row th  rate (Sm ith  1976; Young and  W illiam s 1984; 

B auer 1987; Toy 1998). Margaritifera margaritifera has been 

characterized as h ig h ly  fecund and long-lived re su ltin g  in  h igh  

rep roductive  po ten tia l d u r in g  its  life tim e  (Bauer 1998). Toy (1998) found  

th a t Margaritifera falcata  from  a W estern W ash ing ton  stream , reached 

100% reproductive  success w hen densities reached 40 m usse ls /m ^ or 

greater. None o f the po pu la tions  in  the  c u rre n t s tu d y  had p o p u la tion  

dens ities  th is  h igh .
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Margaritifera falcata  is capable o f s im u ltaneous h e rm a p h ro d itism  (Heard 

1970, V an Der Schalie 1970) a lthough  the occurrence has generally been 

believed to  be rare (S m ith  1979). B auer (1987) has dem onstra ted in  the 

closely re la ted Margaritifera margaritifera th a t mode o f rep roduction  

(dioecious vs. he rm aphrod itic ) is  dens ity  dependent. U nder low  densities 

B auer (1987) found  th a t female Margaritifera margaritifera w ill become 

herm aphrod ites . Nearly a ll o f the he rm ap h ro d itic  specim ens th a t Bauer 

described had p re d o m in an tly  female gonadal tissue and m ost lik e ly  used 

the lim ite d  sperm  produced fo r se lf-fe rtiliza tion . However, even in  ve iy  

lo w -d e n s ily  popu la tions, some pure males s t il l existed. B auer po in ts  ou t 

th a t the  presence o f some ob ligate ly c ross-fe rtiliz ing  males in  the 

p o p u la tio n  w ill reduce the hom ogenizing effects o f se lf-fe rtiliza tion . S m ith  

(1979) exam ined several popu la tions  o f M. margaritifera from  New 

E ngland and found  no evidence o f he rm aphrod itism .

Freshw ater m ussels can e x h ib it tw o d iffe ren t reproductive  strategies, 

ta c h y tic tia  o r b ra dy tic tia . B ra d y tic tia  is  a long te rm  breeding strategy 

where the females ho ld  the fe rtilized  eggs w ith in  the g ill m a rsu p iu m  over 

the w in te r and release the g loch id ia  in  the spring . T ach y tic tia  is  a sho rt 

te rm  breed ing stra tegy w e ll adapted to a longer g row ing season and
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w arm er w a te r tem pera tu res (G raf 1997, K at 1984). T ach y tic tic  m ussels 

typ ica lly  breed in  the sp ring  a n d /o r  early  sum m er and release the 

m a tu re  g loch id ia  in  late s u m m e r/fa ll fo r a tta ch m en t on the host. 

Margaritifera falcata  is  a ta ch y tic tic  breeder. A lth ou g h  the rivers 

in h a b ite d  by  Margaritifera falcata  are no t w a rm  w ate r stream s, there is 

lik e ly  ano the r stra tegy involved. I t  is  m ost advantageous to the m ussels 

to  be ready to release th e ir  g loch id ia  w hen the host fish  are present in  

the greatest num bers, and are m ost susceptib le to  in fection . In  the 

Pacific N orthw est, one m ig h t expect th a t th is  w ou ld  coincide w ith  

spaw n ing m ig ra tio ns  o r h a tch in g  o f salm onids.

The young  m usse ls are dependent upon  the fish  host n o t on ly  fo r 

developm ent b u t also fo r d ispersal. The re liance upon  the host fish  is 

necessary i f  the m usse ls are to be dispersed upstream . The host fish  

re la tio n sh ip  poses m any in te res tin g  questions regard ing  the d is tr ib u tio n  

o f m usse ls and the  genetic im p lica tion s  there in . Due to the com plex ity  o f 

the reproductive  strategies o f freshw ate r m usse ls there are m any po in ts  

a t w h ich  the process is vu lne rab le  to  fa ilu re .

There are several m echan ism s w ith in  th is  system  th a t can cause 

rep roductive  iso la tion . F irs t they m u s t be in  close p ro x im ity  and in  great 

enough densities to  successfu lly  sexua lly  reproduce. Second, there m u s t
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be hos t fish  availab le fo r pa ras itism  to  occur. F ina lly , the p a ren t m u s t 

release the g loch id ia  in  the presence o f the  appropria te  hos t fish.

G enetics

Previous w o rk  by several au tho rs  has shown th a t freshw ater m ussels can 

e x h ib it reduced genetic d ive rs ity , especially in  pe riphe ra l popu la tions. I t  

has been reported by  Davis et a l  (1981), th a t Margaritifera margaritifera 

is h ig h ly  m onom orph ic  w ith  heterozygosity (H) values as low  as 0.03 and 

p ro p o rtio n  o f po lym orph ic  loc i (P) a round  0.14. Kat (1982) exam ined 

po pu la tions , pe riphe ra l to th e ir  range, o f tw o species o f U n ion idae and 

discovered reduced heterozygosity in  these popu la tions  com pared to 

po pu la tion s  m ore ce n tra lly  located w ith in  th e ir  range. K a t (1982) 

a ttr ib u te d  th is  fin d in g  to the loss o f a lte rna tive  alle les in  pe riphera l 

popu la tions . The low  levels o f heterozygosity in  pe riphe ra l popu la tions 

w ou ld  be expected due to  the effects o f genetic d r if t  and n a tu ra l selection 

(Lesica and A lle n d o rf 1995). The com bined effect o f d r if t  and selection 

can fu r th e r  increase divergence from  ce n tra lly  located popu la tions.

Lesica and  A lle n d o rf (1995) also p re d ic t th a t pe riphe ra l popu la tions  th a t 

experience se lf-fe rtiliza tion  w ill have reduced gene flow  am ong 

popu la tion s  caus ing  increased am ong-popu la tion  d iffe ren tia tion .

8
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K a t (1983) found  th a t m any typ ica lly  dioecious species (30 o f 101 species 

exam ined) occasiona lly  have some s im u ltaneous herm aphrod ites. He 

a ttr ib u te s  th is  phenom enon to a few p o ten tia l causes; the presence o f 

p a ra s itic  trem atodes w h ich  a lte r the m usse ls ’ response to sexual 

horm ones, a c tu a l horm one levels o r a developm ental d isorder. K at d id  

f in d  a s trong  co rre la tion  between m ussel dens ity  and male: female gonad 

ra tios , where m ale gonadal a lloca tion  was s ig n ifican tly  h igher in  low- 

dens ity  popu la tions.

Berg and  o thers (1998) exam ined the p o pu la tion  genetic s tru c tu re  o f 

several po pu la tion s  o f Quadrula quadrula from  the cen tra l U n ited  States. 

They fo u n d  w ith in -p o p u la tio n  genetic va ria tio n  to  be re la tive ly  h igh  

com pared to  o th e r un io n o id s  (P=0.61, H=0.24), whereas am ong- 

p o p u la tio n  genetic va ria tio n  was qu ite  low. Berg et a l  (1998) d id  fin d  a 

s ig n ifica n t positive co rre la tion  between genetic d istance and geographic 

distance.

Nagel (2000) exam ined European po pu la tions  o f Unio pictorum  and found 

h igh  am ong-popu la tion  d iffe ren tia tion  overall. The pop u la tio n  genetic 

s tru c tu re  o f the cen tra l European po pu la tion s  s tud ied  reflected 

paleogeographical r ive r re la tionsh ips . K ing and o thers  (1999) described 

the  phylogeography o f Lasmigona species from  the A tla n tic  slope. They
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fou nd  a su b s ta n tia l d is c o n tin u ity  between n o rth e rn  and sou thern  

po p u la tio n s  and concluded th a t they shou ld  be trea ted as E vo lu tio na rily  

S ig n ifica n t U n its  (ESU).

Hoeh and  o thers {1998) com pared the p o pu la tion  genetic s tru c tu re  o f 

several species o f Utterbackia believed to e xh ib it va ry ing  reproductive  

strategies. Two o f the species they exam ined were s im u ltaneous 

he rm aphrod ites  w h ile  the o the r two congeners were no t. Low levels o f 

heterozygosity and  severe heterozygote defic iency in  com parison to the 

ou tcross ing  species characterized the h e rm ap h ro d itic  species. Several o f 

the po pu la tion s  o f the he rm ap h ro d itic  species showed no genetic 

va ria tio n . The w idespread occurrence o f heterozygote defic iency among 

h e rm a p h ro d itic  popu la tion s  and  its  absence in  ou tcross ing  popu la tions 

suggests th a t i t  is  a re su lt o f se lf-fe rtiliza tion  and n o t o f sam pling  e rro r 

(W ahlund effect). A  sm a ll effective p o pu la tion  size (Ne) w ou ld  re su lt in  

reduced heterozygosity in  a po p u la tio n  and u n d e r specific cond itions  

such as a po pu la tion  being founded by se lf-fe rtiliza tion  o f a single 

hom ozygous in d iv id u a l (an extrem e case), w ou ld  lead to  com plete 

m onom orph ism . The variance in  fe cu n d ity  o f freshw ate r m usse ls like ly  

p lays a m a jo r role in  the es tim a tion  o f effective p o p u la tio n  size. 

In d iv id u a ls  can produce m illio n s  o f eggs a t a tim e  and  the  chance 

invo lved in  c ross-fe rtiliza tion  cou ld  cause uneven d is tr ib u tio n  o f

10
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rep roductive  success. I f  popu la tions  are se lf-fe rtiliz ing , the variance in  

fe cu n d ity  is  a lm ost ce rta in ly  m uch  greater th a n  a c ross-fe rtiliz ing  

po pu la tion . A single in d iv id u a l undergo ing  se lf-fe rtiliza tion  cou ld  be the 

sole c o n tr ib u to r to  the nex t generation. F u rth e r, the long life  span and 

h igh  fe cu n d ity  o f in d iv id u a ls  can lead to  a red uc tio n  in  Ne due to uneven 

c o n tr ib u tio n  am ong in d iv id u a ls  and sexes.

The a b ility  o f Margaritifera falcata  to se lf-fe rtilize  cou ld  po ten tia lly  lead to 

reduced genetic d ive rs ity , especially in  iso la ted sub -popu la tions. Genetic 

the o ry  p red ic ts  th a t long -te rm  se lf-fe rtiliza tion  w ou ld  lead to the decay of 

genetic d ive rs ity  w ith in  a popu la tion , b u t cou ld  re su lt in  increased 

am ong p o p u la tio n  va ria tio n  due to the presence o f rare alleles in  sub ­

popu la tions . S e lf-fe rtiliza tion  m ay be an effective strategy fo r range 

expansion and m ay exp la in  the ho la rc tic  d is tr ib u tio n  o f M argaritife rids . 

The re su ltin g  loss o f genetic va ria tio n  m ay lead to the  demise o f the 

species due to a la ck  o f evo lu tionary  options. T ha t is, the reduc tion  in  

genetic d ive rs ity  m ay effect the a b ility  o f Margaritifera falcata  to respond 

to env ironm enta l changes such as h a b ita t degradation o r ecological 

changes such as sh ifts  in  fish  co m m u n ity  s tru c tu re .

11
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MATERIALS AND METHODS

I used s ta rch  gel e lectrophoresis to  exam ine enzyme va ria tio n  in  11 

po pu la tio n s  o f Margaritifera falcata  from  the C o lum b ia  dra inage basin, 

one p o p u la tio n  from  the K lam ath  dra inage basin  and one popu la tion  

from  the  M a lhe u r (Harney) dra inage basin . S am pling sites were selected 

based on the  fo llow ing  c rite ria : presence o f Margaritifera falcata, 

geographical d is tr ib u tio n  o f site w ith in  (or in  re la tio n  to) the C o lum bia  

w atershed (Figure 2), access to sam pling  site, and dep th  o f water. Upon 

loca ting  a p o ten tia l sam p ling  site, a general survey was conducted to 

assess local p o p u la tion  size and m usse l size (a general p roxy fo r age) 

d is tr ib u tio n  w ith in  the loca l popu la tion .

P opu la tion  num ber, sam ple size, location, in d iv id u a l size range, mean 

in d iv id u a l size and co llection  dates are provided in  Table 1. A ll 

po pu la tion s  are lo tie  environm ents.

Sample CoUection

Samples were collected by hand  w h ile  w ad ing  and snorke ling . In d iv id u a ls  

were chosen to represent the size d is tr ib u tio n  w ith in  the sam p ling  area. 

Samples were m easured (shell length) then  dissected stream side and the 

m an tle  tissue was removed, rinsed w ith  d is tille d  w a te r and  frozen on d ry

12
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ice. A ll samples were stored a t -40 degrees C elsius in  the lab. A ll samples 

were sub-sam pled (m antle tissue), thawed, homogenized and ru n  on 

h o rizo n ta l s ta rch  gels.

Electrophoresis

I com pared the p ro te in  p roduc ts  o f 12 gene loci u s in g  ho rizon ta l s tarch 

gel e lectrophoresis in  accordance w ith  the m ethods described by Leary 

and Booke (1990) and Aebersold et al. (1987). The bu ffe r and s ta in ing  

system s were those o f A lle n d o rf et a l  (1977) w ith  the exception o f the SR 

gel bu ffe r, w h ich  was prepared w ith o u t the a d d itio n  o f the 1% RW tray  

bu ffe r. Gel bu ffe rs  were: AC (C layton and T re tiak  1972) pH 6 .5 -6 .7 ; RW 

(Ridgway et a l  1970) pH 8 .0 -8 .3 ; SR (Gall and B entley 1981) pH 8.1; MF 

(M arke rt and Fau lhaber 1965) pH 8.7. An e lectrophoretic  survey o f 27 

enzymes and 4 b u ffe r com b ina tions was conducted to  id e n tify  enzyme- 

cod ing loci. Twelve loc i (relative m ob ilitie s  o f alle les in  parentheses) 

provided cons is ten t reso lu tion  and were inc lu de d  in  analysis: A A T ( 100), 

FUM {100, 110), G3PDH {100), HEX {100), HK {100, 125), LGG (100, 120), 

MDH {100, 50), P G if (100), PGM (100, 80), PK(IOO), 6PGDH (-100, -87) 

and SOD (100, 125) (Table 2).

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The B lack foo t R iver (ID) p o pu la tion  was used to  de term ine w h ich  tissue 

gave the  m ost cons is ten t resu lts , I de term ined th a t the m antle  tissue was 

the  m ost dependable as w e ll as be ing read ily  accessible.

Enzym e m o b ilitie s  were m easured by com parison to  the m ost com m on 

a lle le across a ll popu la tions. A s tanda rd  was ru n  from  the same 

in d iv id u a l (from  the  St. Joe R iver M idstream  popu la tion) on a ll gels for 

com parison.

Data Analysis

S ta tis tica l analyses o f the allozyme da ta  were conducted u s in g  BIOSYS-1 

(Swofford and Selander 1981), LINKDIS (B lack 1997) and TFPGA (Tools 

For P opu la tion  Genetics A na lys is)(M ille r 1997). The BIOSYS-1 s ta tis tica l 

package was used to  ca lcu la te  m ean nu m be r o f alle les per locus, Fis, 

F ishe r’s exact tes t and W rig h t’s F s ta tis tics . M ille r ’s TFPGA (1997) was 

used to ca lcu la te  heterozygosities, p ro po rtion  o f po lym orph ic  loc i and 

Nei’s genetic d istance. LINKDIS was used to ca lcu la te  linkage 

d ise q u ilib riu m . The M ante l tests  were conducted u s in g  M ille r ’s TFPGA 

(1997). The M ante l tes t was perform ed to de term ine i f  there was a 

s ig n ifica n t re la tio nsh ip  between genetic d is tance (Nei’s D) and geographic 

d is tance (river k ilom ete rs  separating popu la tions). E s tim a tio n  o f o u t-

14
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(\ '~~F )
c ross ing  rates (W eir 1990) were determ ined using : t = y I t  then

fo llow s th a t the se lf-fe rtiliza tion  rate is  equal to 1-f.

RESULTS 

Individual Size Structure o f Populations

None o f the po pu la tion s  sam pled in  th is  s tud y  exh ib ited  the h igh  

densities and large beds th a t m arg a ritife rids  are no to rio us  fo r (Vannote 

and M in sh a ll 1982, B auer 1987, Young and W illiam s 1984). A lthough  

the popu la tions  were n o t q u a n tita tive ly  surveyed fo r age/size d ivers ity , 

m ost o f the  po pu la tion s  in  th is  s tudy  had low  d ive rs ity  in  age/size o f 

in d iv id u a ls  (Table 1). Nearly a ll o f the m ussels found  were p robab ly  o f 

reproductive  age (>5cm accord ing to Toy 1998), I t  shou ld  be noted th a t 

the survey techniques em ployed in  th is  s tu d y  were biased tow ard  a d u lt 

m ussels. Th is  b ias is  due to  the v isu a l survey m ethods, w h ich  tend  to 

overlook ju ven ile s  th a t m ay be b u rie d  in  the sedim ents.

G enetics

O f the 12 loc i analyzed, s ix were po lym orph ic : FUM, HK, LGG, MDH, PGM

and 6PGDH. A lle lic  frequencies o f a ll loc i are provided in  Table 2.
15
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O f the 13 popu la tions  sampled, three showed no genetic v a r ia b ility  (Yaak 

R iver D ow nstream , Yaak R iver M idstream , and Yaak R iver Upstream ) 

(F igure 4). The B lack foo t R iver and M on tu re  Creek popu la tions were 

variab le  o n ly  a t the LGG locus; bo th  o f these popu la tions  had sm all 

sam ple sizes (n=10).

M ean observed heterozygosity (Ho) fo r a ll popu la tions  was 0.042 w ith  

values rang ing  from  0 to 0.105 (Table 1). Mean expected heterozygosity 

(He) fo r a ll po pu la tions  was 0.071 w ith  values rang ing  from  0 to 0.162 

(Table 1). The m ean n u m b e r o f alle les per locus ranged from  1.0 to 1.5. 

Seven o f 13 po pu la tion s  had a t least one locus th a t d id  n o t m eet H ardy- 

W einberg expecta tions (F isher’s Exact Test, p<0.05, Table 2). In  a ll cases 

these loc i represented a de fic it o f heterozygotes (F/s>0, Table 2). Seven o f 

13 po pu la tion s  had  se lf-fe rtiliza tion  rates greater th a n  0.2 (Table 3).

W ith in -p o p u la tio n  genetic va ria tio n  accounted fo r 57% o f the to ta l 

va ria tio n  observed. O n ly  2% o f the observed genetic d iffe re n tia tio n  was 

a ttr ib u ta b le  to d ifferences am ong po pu la tion s  w ith in  a m in o r dra inage. 

A ll o f th is  va ria tio n  is  due to  the St. Joe R iver po pu la tion s  since the Yaak 

R iver po pu la tion s  showed no genetic va ria tion . A m ong-popu la tion

16
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va ria tio n  (Fsr) accounted fo r 41%  o f the to ta l va ria tio n  w ith  mean 

Fsr=0.414 fo r a ll loci.

The re su lts  o f a M an te l Test (M ille r 1997) showed no s ig n ifican t 

co rre la tion  between genetic d istance and geographic d istance (r=-0.169, 

n=36, pu=0.852, pi=0.149). W hen the M yrtle  Creek po pu la tion , w h ich  

resides in  a closed basin , was e lim ina ted  from  the ana lys is, the negative 

co rre la tion  im proved on ly  s lig h tly  (r=-0.269, n=27, pu=0.862, pi=0.139).

Results o f a linkage d ise q u ilib r iu m  test (LINKDIS B la ck  1997) showed no 

s ig n ifica n t linkage d ise q u ilib r iu m  in  any o f the samples.

Nei’s genetic d istances are low  overa ll w ith  values rang ing  from  0 to 

0.160 (Table 6, F igure 5). The resu lts  o f the C lus te r A na lys is  u s in g  

unw e ighted p a ir g roup m ethods sorts po pu la tion s  in to  4 d is tin c t su b ­

groups (Figure 5): a coastal g roup (Wenatchee River, C anyon C reek and 

W illiam son  River), a cen tra l g roup (St. Joe R iver and M yrtle  Creek), an 

eastern group (Yaak River, M on tu re  Creek and B lack foo t River) and  the 

W est F o rk  Sanpoil River.

17
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DISCUSSION

Population G enetics

Heterozygosities were qu ite  low  fo r Margaritifera falcata  (H=0.042) 

com pared to  o th e r freshw ater m ussels. Th is  is n o t a surp rise  as Davis 

and o thers (1981) found  Margaritifera margaritifera, a s is te r species, to 

be h ig h ly  m onom orph ic  w ith  mean heterozygosity a round  0.03. Low 

levels o f heterozygosity are due to recent po pu la tion  bottlenecks, 

inb reed ing  o r sm a ll Ne. As prev ious ly  discussed, se lf-fe rtiliz ing  

po pu la tion s  are often characterized by sm all Ne due to  a h igh  variance in  

fecund ity .

The life  h is to ry  stra tegy o f Margaritifera falcata  is lik e ly  to  re su lt in  sm all 

Ne due to  several factors. The d ispersa l m echan ism  o f the host fish  cou ld  

p o te n tia lly  drop the g loch id ia  o f fu ll s ib lings  (or se lf-fe rtilized  progeny) in  

an area fo rm ing  a new po pu la tio n  w ith  a very sm a ll Ne. U nequa l pa ren ta l 

c o n tr ib u tio n  due to  poor rep roductive  success (especially am ong 

ou tcross ing  ind iv idua ls ) cou ld  lead to a sm a ll Ne. There is  s t il l very lit t le  

know n  ab ou t rep roductive  effic iency o f m usse ls in  rive rs, th a t is how  

close together do m a tin g  in d iv id u a ls  have to  be and how  long is sperm  

viab le  in  the  w a te r co lum n. These issues cou ld  re s u lt in  v e iy  sm a ll 

ne ighborhood size and th u s  a sm a ll Ne.
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The re su lts  o f th is  s tud y  e x h ib it s trong  evidence th a t 8 o f the 13 

po p u la tio n s  are undergo ing  some degree o f se lf-fe rtiliza tion  (Table 3). The 

rem a in in g  5 popu la tion s  are e ithe r m onom orph ic  (Yaak River) o r exh ib it 

very low  levels o f po lym orph ism  (M onture  Creek and B lackfoo t River).

The la ck  o f va ria tio n  in  these rem a in ing  popu la tions m akes i t  im possib le 

to  d isce rn  w he the r i t  is  due to se lf-fe rtiliza tion , sm a ll Ne o r genetic d r ift.

The reduced heterozygosity in  the periphera l popu la tions  (near the 

eastern exten t o f the range) o f th is  s tudy (M onture Creek, B lackfoo t 

River, and  Yaak River) corroborates K a t’s (1982) find ings  in  Nova Scotian 

U n ion ids , as w e ll as p red ic tions based on theo iy . The pe riphe ra l 

po pu la tion s  in  th is  s tu d y  do n o t appear to  have any rare alleles, however 

a ll o f the  “pe rip he ra l” popu la tions  (a ll Yaak River, M on tu re  Creek and 

B lackfoo t River) are fixed fo r the a lte rna tive  alle le a t the 6PGDH locus 

(Table 2).

A lth ou gh  the M on tu re  Creek and  B lack foo t R iver po pu la tion s  do no t 

meet the c r ite r ia  fo r se lf-fe rtiliz ing  popu la tions , I believe th a t th e ir  

reduced genetic v a r ia b ility  is ind ica tive  o f se lf-fe rtiliza tion . The M on tu re  

Creek po p u la tio n  is a very sm all p o pu la tio n  w ith  a sm a ll size range (7.9-
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9.1cm  correspond ing to  -3 0 -4 0  years old (Toy 1998)), in d ica tin g  th a t i t  

m ay be a re m n a n t p o pu la tion  th a t is no t successfu lly  reproducing.

I t  is  n o t su rp ris in g  th a t am ong-popu la tion  va ria tio n  is  so h igh  am ong 

these po pu la tion s  o f Margaritifera falcata. P opu la tion  genetics theory 

w o u ld  p re d ic t th a t the regu la r practice o f se lf-fe rtiliza tion  cou ld 

propagate the spread o f rare alleles w ith in  a popu la tion , causing 

increas ing  divergence am ong popu la tions. T h is  m ay exp la in  the presence 

o f a lte rna tive  alle les in  single popu la tions (Table 1) such as the PGM 

locus in  the W enatchee R iver popu la tion  and the SOD locus in  the W est 

Fork  Sanpoil R iver popu la tion .

The ac t o f se lf-fe rtiliza tion  is  n o t w ith o u t advantages. S im u ltaneous 

h e rm ap h ro d itism  fac ilita tes  range expansion and a llow s a pop u la tio n  to 

pe rs is t and  grow u n t i l  the  popu la tion  is large enough to  sup p o rt cross­

fe rtiliza tio n  (Bauer 1987). The a b ility  to se lf-fe rtilize  m ay also fac ilita te  

post-d is tu rbance  recovery (M cM ahon 1991). The a b ility  o f Margaritifera 

falcata  (and its  congener Margaritifera margaritifera) to  se lf-fe rtilize , has 

like ly  fac ilita ted  the  h o la rc tic  d is tr ib u tio n  o f the genus. Founder effects 

in  se lf-fe rtiliz in g  po pu la tion s  are great and can re s u lt in  l it t le  o r no 

va ria tio n  w ith in  a po p u la tio n  m ak ing  the p o pu la tio n  h ig h ly  susceptib le  

to  bo th  n a tu ra l and anthropogen ic d is tu rbance .
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Conservation Strategies

Because o f the re la tive ly  h igh  am ong-popu la tion  va ria tio n  of 

Margaritifera falcata  from  the C o lum b ia  R iver Basin, i t  is im p o rta n t th a t 

any conserva tion stra tegy take in to  accoun t th is  genetic popu la tion  

s tru c tu re . M aintenance o f several popu la tions in  d iffe ren t watersheds 

w o u ld  be the  best stra tegy fo r m a in ta in in g  the genetic d ive rs ity  o f 

Margaritifera falcata. The goals o f any conservation program  need to 

address the m ain tenance o f ex is ting  genetic d ive rs ity  in  o rder to  avoid 

the e x tin c tio n  o f loca lly  adapted popu la tions.

The rem oval o f dam s th ro u g h o u t the range o f Margaritifera falcata  w ou ld  

fac ilita te  increased n a tu ra l gene flow  am ong po pu la tion s  and w o u ld  a llow  

re-co lon iza tion  o f h a b ita ts  from  w h ich  the species has been extirpated. 

The re liance o f Margaritifera falcata  upon  anadrom ous sa lm on ids as host 

fish  m akes them  even more susceptib le  to  the abundance o f dam s 

th ro u g h o u t th e ir  range.

The low  levels o f heterozygosity and h igh  inb reed ing  coeffic ients lead me 

to believe th a t Margaritifera falcata  is  ho ld in g  on in  the Pacific n o rth w e s t 

by its  a b ility  to  reproduce he rm ap h ro d itica lly . The abundance o f large
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m usse ls in  a ll o f the popu la tions  surveyed ind ica tes th a t the po pu la tion s  

are re la tive ly  o ld  and m ay be experiencing very low, i f  any, re c ru itm e n t.
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Table 1. Population reference num ber, name, m ajor drainage basin, UTM coordinate, sample size, 
date o f collection, in d iv idua l size range and mean in d iv idua l size.

K)
00

Ref.
Num ber

Population Name M ajor
Drainage

Basin

UTM
Coordinate

Sample
Size

Ind iv idua l 
Size Range 

(cm)

Mean 
Ind iv idua l 
Size (cm)

Date
Collected

1 Williamson River Klamath 10 592044E 
4720763N

18 6.3-12.0 7.7 8 /9 6

2 Canyon Creek Columbia 11 344200E 
4920183N

20 4.Ô-7.5 6.3 8 /9 6

3 Wenatchee River Columbia 10 671413E 
5283688N

20 5.0-15.1 8.6 8 /96

4 West Fork Sanpoil 
River

Columbia 11 363098E 
5370109N

20 5.1-9.5 7.4 8 /9 6

5 St. Joe River 
downstream

Columbia 11 559877E 
5236058N

19 6.1-9.4 8.1 8 /9 6

6 St. Joe River 
midstream

Columbia 11 597266E 
5231323N

20 3.3-8.7 7.1 8 /9 6

7 St. Joe River upstream Columbia 11 625145E 
5214173N

20 68-8 .5 7.7 8 /96

8 Myrtle Creek Malheur 11 327965E 
4874240N

20 49-9.5 5.9 8 /96

9 Yaak River downstream Columbia 11 581944E 
5387889N

20 4.5-8.2 6.5 8 /9 6

10 Yaak River midstream Columbia 11 580989E 
5400243N

20 8.1-9.5 8.9 8 /96

11 Yaak River upstream Columbia 11 593913E 
5408818N

20 5.1-6.9 6.3 8 /96

12 Blackfoot River Upper Snake 12 470083E 
4737750N

10 5.8-9.1 7.8 9 /9 5

13 Monture Creek Clark Fork 12 332781E 
5211938N

10 7.9-9.1 8.4 7 /96
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Table 2. Allele frequencies, % polym orphic loci, expected and observed heterozygosities a t a ll loci.
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Locus Allele
Population

WR CC WER WFSR SJRD SJRM SJRU MC YRD YRM YRU BR MOC
FUM 1 0.389 0.150 0.400 1.000 0.184 0.575 0.375 0.350 1.000 1.000 1.000 1.000 1.000

2 0.511 0.850 0.600 — 0.816 0.425 0.625 0.650 -- — — — —

HK 1 0.889 1.000 0.575 1.000 0.553 0.675 0.625 0.775 1.000 1.000 1.000 1.000 1.000
2 0.111 0.425 -- 0.447 0.325 0.375 0.225 — — — —

LGG 1 1.000 0.825 0.750 0.725 0.737 0.800 0.750 0.775 1.000 1.000 1.000 0.900 0.950
2 0.175 0.250 0.275 0.263 0.200 0.250 0.225 — — — 0.100 0.050

MDH 1 0.528 1.000 0.875 0.900 0.974 0.975 0.975 1.000 1.000 1.000 1.000 1.000 1.000
2 0.472 — 0.125 0.100 0.026 0.025 0.025 — — — — —

PGM 1 1.000 1.000 0.950 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

2 — — 0.050 — — — — — — — — --

6PGDH 1 0.139 0.025 0.175 1.000 0.816 0.725 0.775 0.950 — — — — —

2 0.861 0.975 0.825 — 0.184 0.275 0.225 0.050 1.000 1.000 1.000 1.000 1.000
SOD 1 1.000 1.000 1.000 0.975 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

2 - - — 0.025 — — — -- — — —

Number of samples 18 20 20 20 19 20 20 20 20 20 20 10 10
% Polymorphic loci 33.3 16.7 50 16.7 33.3 33.3 33.3 33.3 0 0 0 8.3 8.3
Mean He 0.118 0.049 0.162 0.052 0.128 0.141 0.143 0.104 0 0 0 0.015 0.008
Mean Ho 0.074 0.017 0.096 0.025 0.105 0.075 0.075 0.050 0 0 0 0.017 0.008
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Table 3 Values o f Fis. Fis represents the inbreeding coefficient o f ind iv idua ls

CO
o

Population

LOCUS 1 2 3 4 5 6 7 8 12 13

FUM 0.299 1.000*** 0.792*** — 0.124 0.693** 0.467 0.780*** — —

HK 0.437 — 0.488* -- 0.042 0.430 0.253 0.570* — —

LGG — 0.134 0.200 0.373 -0.086 0.375 0.733** -0.004 -0.111 -0.053

MDH 0.443 — -0.143 1.00** -0.027 -0.026 -0.026 — — —

PGM — — -0.053 — — — — — — —

6PGDH 0.303 -0.026 0.481 0.825** 0.373 0.570* 1.000* — —

SOD — -0.026 — — — — — —

Weighted 
Mean F,s 0.371 0.369 0.294 0.449 0.176 0.369 0.399 0.587 -0.111 -0.053

* denotes s ign ifican t heterozygote deficiency based on F isher’s Exact Test a t p=0.05
** p=0.01
***p=0.001
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Table 4, Observed and expected heterozygosities and se lf-fe rtiliza tion rates (1-t)

Population
Ho

FUM
He 1-f Ho

HK
He 1-t Ho

LGG
He 1-t Ho

MDH
He 1-t

1 0.333 0.475 0.460 0.111 0.198 0.608 — — — 0.278 0.498 0.614
2 0.000 0.255 1.000 — — — 0.250 0.289 0.236 — —
3 0.100 0.480 0.884 0.250 0.489 0.656 0.300 0.375 0.333 0.250 0.219 -0.330
4 — — — — -- — 0.250 0.399 0.543 0.000 0.180 1.000
5 0.263 0.301 0.221 0.474 0.494 0.081 0.421 0.388 -0.190 0.053 0.051 -0.060
6 0.150 0.489 0.819 0.250 0.439 0.601 0.200 0.320 0.545 0.050 0.049 -0.050
7 0.250 0.469 0.637 0.350 0.469 0.404 0.100 0.375 0.846 0.050 0.049 -0.050
8 0.100 0.455 0.876 0.150 0.349 0.726 0.350 0.349 -0.010 — — —

12 — — — — -- 0.200 0.180 -0.250 — —

13 — — — — — 0.100 0.095 -0.110 — — —
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Table 5. N ei’s unb iased genetic d istance .
Popu lation

P opu la tion  1 2 3 4 5-7 8 9-11 12 13
1 —

2 0.028 —

3 0.023 0.022 —

4 0.130 0.160 0.116
5-7 0.075 0.072 0.035 0.055 —

8 0.089 0.087 0.061 0.043 0.005 :-------

9-11 0.053 0.066 0.055 0.096 0.111 0.131 —

12 0.055 0.064 0.051 0.093 0.108 0.129 0 —

13 0.054 0.064 0.053 0.094 0.109 0.130 0 0
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Figure 1 D is tr ib u tio n a l range o f Margaritifera falcata. (based on C larke 
1981)
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Figure 2 . S am pling  sites.
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Figure 3. Mean observed and expected heterozygosity fo r a ll popu la tions 
from  W est to  East.
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Figure 4. UPGMA based up on  N ei’s U nbiased G enetic D istance
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