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P early mussels (Unionacea) are among the most 
fascinating, most widespread, and most endangered 

animals in fresh waters. They play important roles in fresh- 
water ecosystems and are economically valuable for their 
shells and pearls. Recent research, fueled by concern over 
widespread extinctions and population declines, has pro- 
duced valuable and even astonishing insights into the ecol- 
ogy, biology, and conservation need., of these animals. In 
this article, we review recent progress in pearly mussel research, 
identify promising directions for future research, and draw 
gelleral lessons that niay apply to other organisms. We omit 
one area of active research, the role of pearly rnussels in 
ecosystems, because it has been reviewed elsewhere (Vaughn 
and Hake~lkanlp 2001). 

Pearly ~nussels are large (2- to 30-ce~itin~eter) bivalves 
that live in the sedinlents of rivers, streams, and lakes world- 
wide (Bauer and Wkhtler 2000). About 1000 species are 
known, 300 of which live in North America. These long-lived 
mussels-they may live for decades to centuries-have a 
bizarre life cycle. While most marine bivalves have a free- 
living larva, pearly nlussels have a specialized larva, the 
glochidiuni, which is a parasite of fish (figure lb).The need 
to place these larvae on thc proper species of 11ost has led to 
cxtraordinary adaptations to attract hosts, and this brief 
paraitic stage has lasting effects on adult mussel ecology. 
Juvenile lnussels probably live for a few years buried in 
sediments before emerging to the sediment surface. Adult 
~nusscls are suspension feeders. 

Pearly mussels are so abundant in many habitats (10 to 
100 mussels per square meter, with a shell-free biomass of 5 
to 100 grams dry matter per square meter; see photograph, 
figure 1c) that they must sometimes play important roles in 
particle processing, nutrient release, and sediment mixing, 
although these roles have not often been assessed (Vaughn and 
Hakenkarnp 200 1 ). Humans have gathered pearly mussels for 
their meat, pearls, and mother-of-pearl shells for millennia. 
Pearl fisheries were ilnportalit sources of capital for developing 
rural econoniies in 19th-century North America (Claassen 
1994). Later, in the early 20th century, the mother-of-pearl 
button industry (figure la)  harvested huge numbers of 
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Figure 1 .  (a) Barges loaded with mussel shells collected forpearl buttons (Arkansas, early 20th century) (Coker 1919). (b) A 
glochidium (larva) of Strophitus undulatus. (c) A dense bed of Cumberlandia monodonta. (d) Conservation status of the 
pearly mussels of North America (Master et al. 2000). The number in parentheses is the number of species in each category 
Photographs: (b, c) Courtesy of Chris Barnhart, Southwest Missouri State University. 

n~ussels froin American rivers (13 million kilograms of shells 
from Illinois in 1913 alone), depleting mussel beds in the large 
rivers of the Midwest (Claasseil 1994). More recently, a 
regionally significant mussel fishery has provided shells to be 
used as nuclei for producing cultured pearls in oysters, and 
North American inussels are now also being used to produce 
cultured pearls. 

Overharvesting, widespread habitat destruction, pollu- 
tion, land-use change, and exotic species introductions have 
caused many lnussel populations to decline or disappear. 
Rarly mussels are ainong the most imperiled of all organisms 
in Noi-th America (figure Id) and elsewhere around the 
world. 'This desperate conservation situation has spurred 
intensive research into mussel biology and ecology (figure 2), 
which has both led to much greater ~tnderstanding and ex- 
posed interesting paradoxes and key gaps in knowledge. 

What do pearly mussels eat? 
Although it might seem odd to be asking this cluestion more 
than a century after the first study of n~ussel feeding, recent re- 
searcll has questioned the portrayal of pearly rn~issels as ex- 
clusively suspension feeders on phytoplankton. Early studies 
of nlussel feeding were based on analyses of gut contents, a 

method that has three weaknesses: (1) Material in mucus- 
bound gut contents is difficult to identify and quantifjr; (2) 
material found in the gut may pass undigested out of the 
mussel, not contributing to its nutrition; and (3) examination 
of the gut contents offers limited insight into the mechanisms 
and behaviors by which mussels acquire food. Modern stud- 
ies suggest that pearly rnussels feed on more than just algae and 
may obtain food by means other than suspension feeding. 

It has been known for some time that pearly mussels 
capture more than phytoplankton from the water column; 
their guts also contain slnall animals, protozoans, and detritus. 
Recent studies show that mussels can capture and assimilate 
bacteria as well (Silverman et al. 1997), a potentially impor- 
tant source of food in many fresh waters. Mussel species 
fro111 streams and rivers are about 10 tiines Inore efficient than 
those from ponds and lakes at capturing bacteria. Another 
potential source of food for mussels is dissolved organic 
matter. Early studies showing that pearly mussels could take 
up sisnple organic compounds were largely discounted because 
such labile coinpoullds are rarely abundant in nature. 
Nevertheless, recent work on other bivalves (e.g., Roditi et 
al. 2000) suggests that dissolved organic matter may be a 
significant source of nutrition. 
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Pedrly inussels may also get food from sources other th'in 
suspended p'lrticles. Many marine bivalves use their foot 
to sweep edible mdterial from the sediment (pedal feeding) 
or sil.'hon food from the sediment surface (deposit feeding). 
It is now known thctt juvenile pearly mussels can pedal feed 
(Ye'lger et '11. 1994), although researchers still do not know how 
the '1bility to pedal feed varies across species, over the lifetirile 
of '1 single mussel, or with the relative availability of food in 
the water coluinn and in the sediil~ent. Raikow and Hamil- 
ton (2001), studying a stream that was labeled with IiN, sug- 
gested that even adult mussels nlay deposit feed. The subject 
of suspension feeding versus deposit feeding by pearly mus- 
sels deserves more scrutiny, as it 'tffects scientific under- 
standing of food ,tvailability for mussels and of the role of 
iilussels in food webs. 

Of this coillplex mix of materials that pearly nlussels 
acquire, what is actually required and assimilated? Stable iso- 
tope analyses of mussels taken from n'lture and froni captive- 
rearing studies are beginning to offer some insight into this 
difficult question. Nichols and Garling (2000) showed that 
unionaceans in a s~nall  river were omnivorous, subsisting 
mainly on particles less than 28 micrometers in diameter, 
including algae, detritus, and bacteria. Bacterially derived 
carbon was apparently the primary source of soft-tissue 
carbon. However, bacteria alone cannot support mussel 
growth, because they lack the necessary long-chain fatty acids 
and sterols and are deficient in sonle a~nino acids. Bacteria may 
supplen~ent other food resources, provide growth factors 
(e.g., vitamin B,,), or be the primary food in habitats such ,IS 

headwater streams, where phytoplankton is scarce. Jiivenile 
n~ussels have been most successfully reared in the laboratory 
on diets containing 'tlgae high in polyunsaturated fatty acids 
(G'ltenby et al. 1997). Thus, it appears th'it the unionacean diet 
in ndture may consist of a mixture of algae, bacteria, detritus, 
and sinall c~niinals, and that at least some algae and bacteri,~ 
may be required '1s a source of essential biochemicals. Scien- 
tists are still '1 long wdy from knowing precisely what consti- 
tutes the uniondcedil diet or being able to quantitdtively 
dssess the quality or clu'lntity of mussel food in '1 given hdbitdt. 

Nevertheless, it ~rppears that pearly mussels n1'1y some- 
times be food limited in n,lture. A preliminary experimental 
study 5howcd that mussel growth declined at high population 
densities (Kdt 1982). Further, the 7 e b r ~  mussel inv,lsion 
caused the density dnd body condition of pe~r ly  nlussels to 
decline, consi\tent wit11 food limitation (Str'lyer 1999a). Iden- 
tifying the extent ,111d severity of food limitation of illussel 
population, is an importailt research cl~~~llenge. Mussel feed- 
ing is a coi~~plic~tted, dy11ai11ic prmess t11'1t m,ly v'iry dcro,s 
environment,, species, m d  life stages and 11,lve iinport,tnt con- 
seq~~eilces for mussel populations. 

The secret life of pearly mussels 
Like the mousy Walter Mitty, pearly ~r~ussels (sometimes dis- 
paraged as "living rocks") would hardly seen1 likely to have 
3 secret life. Yet recent studies have uncovered astonishing 
adaptations that allow the rllussels to place glochidia 011 fi sh 

Figure 2. Number of peer-reviewed scientific articles 
referring in their title or abstract to unionacean mussels, 
1975-1 999. Data fiom Web of Science (30 March 2004; 

to understand the evolution of the group and guide conser- 
vation efforts. 

Perhaps the most reinarkable life-history discovery of the 
last 10 years is that n~ussels have a wide variety of behavioral 
and morphological adaptations to facilitate transinission of 
glochidia to hosts. At least three strategies have been identi- 
fied (I-laag and Warren 2003). Gravid females of some species 
display inoving lures that mimic fish or invertebrates. These 
lures readily elicit attacks from fish (figure 3), resulting in 
glochidial infections (Haag and Warren 2000). Most lures are 
modifications of the mantle n~argin, but in four species from 
the southeastern United States, glochidia are released in two 
large, minnow-like structures tethered to the female by a 
long, rnucous tube that serves as a "fishing line" (Haag et al. 
1995). In other species, females release glochidia in pack- 
ages that rniinic worms, insect larvae, larval fish, or fish eggs 
(figure 3; Jones and Neves 2002). Fish readily attack these"co11- 
glutinates" (figure 3; Haag and Warren 2003). Both of these 
strategies are employed by mussels that use only a few species 
of fish as hosts and probably reduce the transn~ittal of 
glochidia to unsuitable fish by mimicking prey iteiils of spe- 
cific fish (Haag and Warren 2000). A third strategy, docu- 
mented mostly for host generalists, involves tl-te release of 
glochidia i11 large, mucous webs that entangle fish less dis- 
criminately. 'l'l~ese adaptations indicate a close evolutionary 
link between ~llussel life-history traits and host-fish use. Host 
attraction is an active area of research and will probably re- 
veal additional ~i~echanisms by wl~ich mussels increr~se the 
chance of placing their glochidia on their hosts. 

Mussel life histories vary more among and within species 
than textcthook accounts would suggest. It now appears that sex- 
uality may not be fixed in all species. Some mussels can 
change from males to females as they age (1)owning et al. 1989) 
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Figure 3. Some pearly mussel speciesproduce lures or conglutinates that elicit attacksfromfish, facilitating 
the attachment of the glochidium, the mussel larva, to thefish host. (a) Mantle lure of Lampsilis cardium 
(Haag and Warren 1999). (b) Redeye bass (Micropterus coosae) attacking mantle lure of L. cardium (Haag 
and Warren 1999). (c) Conglutinates ofPtychobranchus occidentalis. (d) Orangethroat darter (Etheostoma 
spectabile) feeding on conglutinates of P. occidentalis. Photographs: (c, d)  Courtesy of Chris Barnhart, South- 
west Missouri State University. 

or turn into hermaphrodites when population density is 
reduced (Bauer 1987). There nlay he local adaptation 
between mussels and hosts, resulting in higher compatibility 
of glochidia with fish populations from the mussel's native 
basin than with fish of the same species froin distant drainages 
(Rogers et al. 2001). Some mussels may even be able to skip 
the glochidial phase and conlplete their development with- 
out a host (Barfield and Watters 1998, Lellis and King 1998). 
The number of species able to bypass the glochidial stage, and 
the degree to which direct development versus parasitism may 
be variably expressed within a species, remains unk~lown. 

Scientists have made great progress in identifying hosts for 
illally mussel species. Several important geileralizatiorls about 
host relationships are emerging. First, the degree of host 
specificity varies greatly among species, ranging fro111 gener- 
alists that use dozens of fish species to strict specialists that 
parasitize only one or a few species. Most mussel species are 
specialists, and related mussels often use similar fish as hosts, 
allowing prediction of likely hosts of unstudied mussels 
(Haag and Warren 2003). Second, host compatibility nlay de- 
pe11d on temperature: Glochidia that transform successf~~lly 
on a particular fish species within a certain temperature 
range may be rejected at temperatures outside this range 

(Roberts and Rarnhart 1999). Finally, parasitized fishes may 
acquire temporary immunity to fiirtl~er infestations of 
glochidia from other mussels (Rogers and Dimock 2003), 
suggestiilg that cocnpetition for hosts may be an important 
factor in con~munity assembly and evolution of host attrac- 
tion strategies. 

Recently, biologists have made the first ltttempts to orga- 
nize the life-history strategies of freshwater mussels into coil- 
ceptual frameworks (Rauer and W3chtler 2000,iDillon 2000). 
Development of these frameworks is hampered by a lack 
of life-history information for most species, particularly 
for traits such as age at maturity, growth rate, longevity, and 
fecundity. Solid natural-history studies that establish the 
ranges of variation in these traits both within and among 
species will allow refillenlent of life-history frameworks to 
encompass the breadth of mussel diversity. These improved 
frameworks, in turn, will be important in geileratirig tes~able 
hypotheses about the evolutionary, ecological, and manage- 
ment cotlsequellces of life-history variation. Studies that 
evaluate the suitability of a broad cross section of the fish com- 
munity co-occurring with a particular mussel species and 
those that evaluate intraspecific variability in host coinpati- 
hility will be especially valuable. 
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What is the pace of temporal 
change in mussel populations? 
l'early mussels are among the most long-l~ved animals In 
the world. It has long been thought th'tt most mussel spec~es 
l~ve for decades (Bauer and Wachtler 2000), wlth sotlle pop- 
ulatlons having mean ages of more than 50 years. Most stud- 
les of age and growtli have been based on the rtngs laid down 
in the shell, wh~ch have been interpreted as reflect~ng annual 
pauses in mussel growth during the winter. This inference is 
supported by analyses of shell ~nicrochemistry (Veinott and 
Cornett 1996). However, recent studies of growth rates based 
on direct measurements of marked individuals in the field sug- 
gest that growth rings are not annual and that earlier estiinates 
based on growth rings may underestimate longevity by a 
factor of 3 to 10 (Anthony et al. 2001). If these conclusions 
are correct, some pearly ~nussels may be centuries old. These 
extraordinarily long lives have major consequences for the de- 
mography of mussel populations. Until the discrepancy be- 
tween growth rates estimated from direct measurements and 
those inferred from shell rings is resolved, studies of n~ussel 
growth should verify the accuracy of the aging method by in- 
dependent means. 

Regardless of whether mussels live for decades or for cen- 
turies, their long life span suggests several questions about their 
demography and conservation. Is their distribution and 
abundance controlled chiefly by day-to-day conditions or 
by rare events that occur every few generations (i.e., at > 
100-year intervals)? Only a few studies have examined the ef- 
fects of these rare events (Hastie et al. 2001). If pearly mus- 
sels are sexually coinyetent for decades, does their recruitment 
occur during most years or only rarely and under just the right 
combination of conditions? We have very little information 
on the demography of mussel populations, but in at least one 
well-studied population, successf~~l recruitment occurred 
only once every 5 to 10 years (Payne and Miller 2000). In other 
populations, at least some recruitment seems to take place dur- 
ing most years. It will be a major challenge to understand 
events that occur at intervals longer than the human life 
span. 

The long life spans of pearly mussels may have practical 
consequences as well. Long-lived, slow-growing animals are 
notoriously sensitive to overharvesting and other sources of 
mortality, and they may be very slow to recover. Clearly, the 
20th-century rnussel harvests in the US Midwest were too large 
to be sustainable (Anthony and Downing 2001 ). If mussel har- 
vests are to continue in the f~~ture ,  it may bc necessary to adopt 
a very conservative view of what constitutes a sustainable 
harvest. 

'To assess the long-term prospects of the fituna, researchers 
need good estimates of rates of loss and recovery in pearly 

' 
mussel populations, and reliable estimates are still lacking (but 
see Vaughn [2000] for an example). Of course, some events 
(e.g., severe pollution) kill all mussels instantaneously, but 
many populations are now threatened by chronic stresses 
with slower effects. It is particularly difficult to assess the 
long-term dynamics of long-lived animals lile unio~laceans, 

whose populations may persist for a long time under condi- 
tions of negative population growth. Many populations to- 
day probably have neg'ttive growth rates and are destined ul- 
timately to disappear unless environn1ental co~iditions change. 
Such populations represent a large "extinction debt" (Til17na11 
et al. 1994) that will become apparent over the coming 
decades as these long-lived animals age and die. Clearly, sci- 
entists and managers need better projections of the popula- 
tion trajectories of stressed mussel populations, using either 
demographic or physiological indicators, to warn of im- 
pending losses. 

Although pearly mussel populatiolls ,Ire declining in many 
places, improvements in water quality following the pnssage 
of the Clean Water Act and similnr 1,tws have allowed mus- 
sels to recolonize some sites that were formerly polluted. 
l h i s  process has not been well studied, but it is of critic 'I 1 1111- ' 

portance to the long-term prospects of the faun'i. Mussel 
populations may reestablish within a few decades of habitat 
improvement, but the community that recolonizes is not al- 
ways similar to the original community that lived at the site 
(e.g., Sietman et al. 2001). Researchers and managers work- 
ing with pearly mussel comm~lnities need more information 
on the extent to which such recolonization is occurring 
around the world, its pace relative to the concurrent pace 
of declines at other sites, and the species composition of 
recolonizers. 

Forces producing spatial patterning 
in mussel communities 
Mussel populations are patchy on scales ranging from cen- 
timeters to hundreds of I<ilometers (figure 4). Large-scale pat- 
terning seems to be a result of historical patterns of dispersal, 
host distribution (Vaughn and Taylor 2000), and climate, but 
explanations for patchiness at the subkilometer level have 
been elusive. At this scale, mussels often are aggregated into 
beds, where many or all of the species found in a stream or 
river co-occur at densities 10 to 100 times higher than those 
outside the bed. Historically, explanations for the location 
of mussel beds focused on simple physical variables such as 
sediment grain size and current speed, but these explana- 
tions have largely failed when tested critically (Strayer and 
Ralley 1993). More recently, researchers have shown that 
mussel beds may occur where shear stresses are low and sedi- 
~nents are stable during flooding (Layzer and Madison 1995, 
Strayer 1999b, Hastie et al. 2001). The restriction of mus- 
sel beds to such "flow refi~ges" occurs because these long-lived 
animals live in one of the most chronically unstable envi- 
ronments on earth. As opportunities for changing the release 
schedules of darns increase (lJoff et al. 2003), it will 
become critical to understand how flow regimes affect 
mussel populations. 

However, shear stress and sediment stability provide 
only a partial explanation for the occurrence and location of 
mussel beds. Other factors must contribute to the local pat- 
terning of nlussel populations. I-'early ~ilussels have a complex 
life history, and the recluireil?ents for all life stages must be met 
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Figure 4. Patchiness in pearly mussel communities at  several spatial scales. (a) Mean density 
(mussels per square meter) along a 150-kilometer section of the Hudson River, New York. 
(b) A local patch of a fav square meters within a mussel bed in Webatuck Creek, New York. 
Each dot represents a mussel. (c) Contours showing the mean density (musselsper square 
meter) along a 300-meter reach of the Neversink River, New York. (d) Locations offlow refuges, 
identified by the contours of probability that a marked rock stayed in place during aflood. 
Compare the locations offlow refuges with the locations of mussel beds in the same reach (c). 
Modified porn Strayer and colleagues (1994) and Strayer (1999b). 

by the habitat. Thus, factors such as food quality and cluan- 
tity, local distribution of fish hosts during the season of 
glochidial release, well-oxygenated sedi~neilts for juvenile 
survival and g r o ~ ~ t h ,  and refuge from predators all may de- 
termine the local occurrence of mussels. It will be a challenge 
to understand the importatlce and interactions of these mul- 
tiple controlling factors. 

Further, the existence of rnussel beds raises questions about 
their origins. Mussel beds could arise froin two broact classes 
of causes. Negative "censoring" luechanisrns such as crushing, 
burial, downstream washout, suffocation, starvation, or pre- 
datio11 could remove mussels that colonize areas outside of 
inussel beds. Day-to-day conditions such as poor-quality 
food or excessive predation could prevent the development 
of mussel becls. IZecause of the long life spa11s of mussels, cen- 
soring events that occur even illfrequently may be important. 
Positive mechanisms such as habitat selectio~l by juveniles or 
adults or high fecu~ldity in favorable habitats could form 
mussel beds. iiltI.to~~gh habitat selection by adults has been in- 
vestigatect, there has been almost no ~vorlc 011 habitat selec- 
tion by settling juveniles, a process that is in~poi-tant for illally 
marine invertebrate larvae (Rutrnail 1987). Mussel beds may 
even be self-organizing to a degree: Heavy, firiuly buried 
adult ~nussels could stabilize the sediments in n1ussel heds. 
Similarly, sedi~llerlt  nixing by adults tnay inci-ease pore space 
and clissolved oxygen (Va~~ghn  and Halceillta~np 2001 ) and 
enhance conditions fol- buried juvei~iles or host fish. Human 

dctions have $topped re- 
cruit1nei7t in mdny mussel 
beds. For exdnlple, low tem- 
peratures dow~lstre'irn of a 

hypolirn11etic-release reser- 
volrs have prevented mussel 
reproductloll at some sites 
for decades (Heinricher and 
L'ly~el- 1999). The beds th'lt 
exlst 011 thebe sites today  re 
remn'mts from the time be- 
fore the dams were built. 
Likewise, residu'il contami- 
nation or changes in host fish 
corninunities mdy prevent 
recruitment in ntussel beds. 
Thus, ~nussel beds ]nay be 
relicts of a time when condi- 
tions redly were suitable for 
mussels, not indicators of 
currently favorable condi- 
tions. When researching the 
environmental requirements 
of populations or assessing 
populatiolls for conservatioll 
status, it is important to dis- 
titlguish such relict beds from 
"live" inussel becis that sup- 
port sustain'lble recruitmcilt. 

How do mussel populations function spatially? 
The patchiness that is characteristic of mussel populatioils at 
every spatial scale has important consequences for the func- 
tioning of populations and their effects on other parts of 
ecosystems. As elsewhere in ecology, the consequences of 
spatial structure are just beginning to be explored. 

Mussels are broadcast spawners, releasing large numbers 
of sperrn into a water coluinn that often is well mixed. There 
have beeil no studies of sperm dispersal in ~ ~ a t u r e ,  but recent 
stuclies suggest that sperm dispersal ilmy be inadequate, eve11 
it1 fairly dense populations. ' h o  studies (Downing et al. 1993, 
Mc1,ain and Ross 2004) found the proportion of gravid fe- 
inales in a population to be positively correlated with popu- 
latioil density. Ihwning and colleagues (1993) esti~nated 
that s~~ccess f~~ l  reproductioil recluired population densities as 
high as 10 m~~ssels per scluare meter, far greater than local den- 
sities it1 most populations. Further, mussels lnay move closer 
together during Ixeeding seasoil (Rurla et al. 1974, A~nyot a ~ l d  
Downing 1998) or even gather into isolated male-female 
pairs (Shelton 1997). These observations suggest that mus- 
sel populations in nature may often be too sparse to provide 
;tdequatmpern~ to breeding females, a result that would have 
great consequences for the ecology and corxervatioll of these 
animals. Thus, inussel populations might coilsist of large 
a]-eas of low density, which coiltrib~~te little or tlothing to the 
viability of the population, along with a few high-density 



nuclei that drive population growth and the genetic structure 
of the p o p ~ l ~ ~ t i o n .  I11 such populations, the hlgh-density nu- 
clei would be the pri~ile subjects of ecological studies and con- 
servation efforts. However, if sperm density and dispersdl 
are not limiting, then mussel popu1,ttions might function in 
a more collventional manner, with all individuals contribut- 
ing to the breeding population. This problem calls for cxe- 
ful study in various species and habitats. 

The spatial scale at which glochidia and their fish hods 'Ire 
dispersed is also important in uilderstanditlg the ecology 
and genetics of mussel populations. Glochidia are heavy, 
short-lived, nonmotile, and presumably yoorly dispersed by 
water unless they are contained in a structure such as a mu- 
cous net that reduces sinking rates. Dispersal by fish hosts nust  
vary greatly across fish species. Nevertheless, Inany mussels 
use srnall benthic fishes such as darters and sculpiils as hosts 
(Watters 1994), so dispersal distances of encysted glochidia 
inay be much less than 100 meters (McLain and lioss 2004), 
less than the distallce between neighboring mussel beds. 
Thus, for many lnussel species, dispersal between neighbor- 
ing mussel beds may be small, colonization of newly created 
habitats or  defaunated streams may be slow, and genetic dif- 
ferentiation may occur even at small spatial scales. Mussel 
species that use wide-ranging hosts may exhibit very differ- 
ent population dynamics and genetic structure (Berg et al. 
1998). Of course, barriers to dispersal, whether ndtural or ail- 
thropogenic, may have profouild effects on mussel distribu- 
tion and genetic structure (King et al. 1999). Researchers 
and managers need to pay much more attention to the dis- 
persal of glochidia and infested fish in order to nlnnage mus- 
sel populations that have been dismembered through human 
actions, and to understand their population dynamics and ge- 
netic function. 

If iinperfect dispersal of sperm, glochidia, aild infested 
fish limits the spatial range of demographic interactiolls to 
near neighbors, then metapopulatioil lnodels illay be well 
suited to unionaceail populations. These models have been 
applied in ecology to address a wide range of ecological and 
conservatio~l issues (Hanski 1999). Despite their promise, 
inetapopu1'1tion models have received oilly liinited applica- 
tion to unionaceans (e.g., Vaughn 1997,2000) 'lnd warrant 
further investigation. Modern genetic techniques such as mi- 
crosatellite DNA indrkers (Eackles and Icing 2002) inay soon 
allow researchers to understand the fine-scale popul'ltion 
structure of ullionacean popul,ltions, providing inforina- 
tion about gene flow between lnussel beds a11d recoloni~,ition 
rates of newly available habitats that is needed to 'issess the 
utility of lnetapopulation models. 

The activities of ui~ionaceal~ mussels-consumil~g phy- 
toplanliton and other yarticles, releasing nutrients, deposit- 
ing feces 'tnd pseudofeces (biodeposits), and mixing sediments 
(Vaughn and H a k e i ~ k ~ ~ m p  2001)-may be i~nport'lnt in 
ecosystems, paralleling the central role4 played by other bi- 
valves (Dame 1996). These activities have characteristic spa- 
tial diinensions and ,Ire affected by the sp'ttial dispersion of 
tlle n~ussel population. Thus, the lone of depletion of phy- 

toplankton by an individual 111~1ssel is likely to be small (< 0.1 
cubic meter), especially in a well-mixed stream or lake. If mus- 
sels are dense enough that these zones of depletion overlap, 
shadows of phytoplankton-depleted and nutrient-enriched 
water may extend for long distances (even kilometers) down- 
stream of mussel bcds (Caraco et al. 1997, Wildish and Krist- 
illanson 1997). In contrast to tlle large-scale, diffuse effects of 
phytoplattI<ton rcnloval and nutrient release, biodeposition 
and sedinlent mixing may cause intense effects at local scales 
(fro111 centimeters to the size of mussel beds). As research pro- 
ceeds 011 the effects of unionaceans on ecosystems, it will be 
important to specify the spatial scales over which these effects 
occur and to relate the effects to the spatial structure of the 
luussel population. 

The factors that control mussel populatioils arise at vari- 
ous distances from the mussels. Early attempts to explain 
distribution and abundance, as in other areas of ecology, 
concentrated on local conditions around the mussels. How- 
ever, while local conditions undoubtedly are important for 
m ~ i s ~ e l ~ ,  more dist'lnt factors, such 35 geology and 1,1nd use 
i l l  the \vatershcd, 11-13)' have strong effccts as \vcIl. Xli~ssel 
ecologists arc \vorki~ig \vith models based o n  (;IS (gCogr,lphic 
inform'ition systeln) >oft\vare to identify tile attributes of 
riparian zones and watersheds that matter most to n~ussels, 
the mechanisms by which these attributes affect mussels, 
and the spatial scales over which these factors operate 
(Arbuckle and Downing 2002). 

Thus, reciprocal interactions between mussel populations 
and their environments occur over a range of spatial scales. 
Some of these i~eighborhoods of interaction are less than 1 
meter in size (biodeposition), whereas others probably extend 
for tens of kilon~eters (effects of land use, dispersal of species 
with wide-ranging hosts). Specifying the sizes of these different 
neighborhoods of interaction and understanding the func- 
tional consequences of unionacean patchiiless are impor- 
tant challenges for ecologists in the coming years. 

Diagnosing and reversing declines 
in mussel populations 
Mussel populations have decliiled severely ill many parts of 
the world (figure 5), leading to the extinction or endanger- 
ment of maily species (figure Id). The causes of these declines 
and the relnedies for reversing t11e11-1 are not entirely clear. Ac- 
counts of mussel populations dying out from hu~nan actixr- 
ities appeared as early as the mid-19th century. Many of the 
early (pre-1950) losses of mussel populations had obvious 
causes, such as gross pollutioil or habitat destruction from dain 
building or channelization. In some cases, these acute impacts 
have been corrected, leading to limited recovery of ~llussel pop- 
ulations. It is thought that diffuse and chronic impacts, rather 
than acute impacts, now present the greatest threats to mus- 
sel yoyulations. It has been difficult to identify and remedi- 
ate these threats. Much of the modern literature on pearly 
inussel declines is anecdotal, providing a laundry list of pos- 
sibilities instead of critical analyses of causes. Professional judg- 
Illent in the field, represented by a sanlple of 45 articles 011 
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change in species richness over 14 years 
(percentage) 

Kilometers above mouth of river 

unlollacean decl~nes, sug- 
gests that pollution, water 
qual~ty degradation, and 
hdb~tat destruct~on and al- 
terat~on are the most 11lcely 
candlddtes for causes of 
decllnes (table 1). Fewer 
than half the artlcles we 
~anvdsed attributed pop- 
ulation decl~nes to a clngle 
cause (figure 6), and up to 
e ~ g h t  causes were 5ug- 
ge\ted by one author. 

The difficulty of deal- 
ing with multiple, chronic 
threats begs the question 
of how researchers night 
proceed to accurately di- 
agnose the causes of de- 
clines. Faced with a similar 
problem, epidemiologists 
developed criteria to asso- 
ciate environmental fac- 
tors with disease (box 1; 

Figure 5. Local and regional declines in musselpopulationsfrom various causes. (a) Changes in Hunter 1997). These cri- 
species richness in Iowa streams running through intensively agricultural landscapes (1 984- teria may also be useful in 
1985 to 1998). Data arefrom Poole and Downing (2004). (b) Losses of musselpopulationsfrom mussel ecology. In nlus- 
Clinton River, Michigan, as a result of industrial and urban development in the mid-20th sel ecology, as in medi- 
century. Data arefrorn Strayer (1980). (c) Status of the 91 species offreshwater mussel species cine, it will be especially 
that formerly occurred in the Tennessee River, which now consists largely of a series of reservoirs. difficult to deal with the 
Modifiedfrom Neves and colleagues (1 997). (d) Decliningpopulations of pearly mussels in the long-term a ~ i d  cumula- 
freshwater tidal Hudson River, New York, as a result of the invasion of the exotic zebra mussel tive effects of chronic inl- 
(Dreissena polymorpha) in 1992. Updatedfrom Strayer (1 999a). pacts, with the interac- 

tions between multiple 
factors, and with the time lags between the action of a stres- 
sor ,~nd the appearance of its effects. For example, populations 
that have survived extensive loss of suitable habitat often 

Number of postulated causes 
of mussel decl~nes 

Figure 6. Number of causes of mussel declines postulated 
by the authors of 45 published articles in an informal 
review of the literature. 

face continued losses over a long period because of a time lag 
between habitat loss and eventual populatio~i collapse 
(Cowlishaw 1999). 

There are a nu~nber  of possible remedies for these de- 
clines. It may be possible to reduce inputs of sediments, nu- 
trients, and other pollutants fro111 poor land-use practices or 
to stop destructive practices such as in-stream gravel mining. 
Stream restoration can improve habitat. Dams might be re- 
nloved or n~odified by adding fish passages or changing re- 
lease schedules to lessen their inlpacts on mussels. While it may 
be difficult to control the impacts of established exotic species 
such as the zebra mussel, managers can work to prevent the 
establishn~ent of additional l i a r ~ n f ~ ~ l  exotics. Large-scale, col- 
laborative conservation efforts will be needed to deal effec- 
tively with these problems. 

However, these renlcdies tnay not produce rapid recovery 
of mussel populations, for three reasons. First, residual con- 
tamination frorn past episodes of pollutiort may have left a 
toxic legacy in streanls and rivers. Some juveilile mussels live 
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Table I .  Frequency of explanations for unionacean 
declines offiered by authors of 45published articles. 

Postulated cause 

Pollution, water quality degradation 
Habitat destruction and alteration 
Damming and impoundment 
Introduction of exotic species 
Hydrologic change 
Exploitation and harvesting 
Recruitment failure, lack of fish hosts 
Watershed alterations 
Riparian alterations 
Predation 

Frequency 
(percentage) 

47 
47 
33 
29 
20 
18 
13 
13 

7 
7 

Note: Some articles focused on unionacean declines at specific 
localities while others covered broad regions. Explanations offered by 
less than 5% of the articles include the small-population phenome- 

/ non, climatic change, reduced ranges, cornpetitioil with native species, I 
/ and genetic change. 1 

buried in sediments and feed on sediment particles and their 
associated pore water (Yeager et al. 1994), which are often 
badly contaminated. Ironically, the bulk of the toxicity liter- 
ature is based on water-only exposures, even though studies 
have shown that sediment-associated contaminants proba- 
bly co~ltributed to the decline of mollusks in many large 
rivers, such as the upper Mississippi (Frazier et al. 1996). 
Future research on contaminants that affect pearly n~ussels 
should identify the primary exposure routes (surface water, 
sediments, pore water, food) for contaminants of concern 
(Naimo 1995). 

Second, negative density dependence can cause sparse - . 
populations to continue to decline even after the original 
cause of decline is removed. The most likely cause of nega- 
tive density dependence in mussels is low reproductive 
success in sparse populations. It may be necessary to artifi- 
cially increase population density to counteract negative 
density dependence, although research verifying the need 
and determining the best practices for such intervention is in 
its infancy. 

Finally, niusscl populations will not recover if they have 
been extirpatccl from a region and if there is no source of 
propagules to reestablish the population. This is especially a 
concern in modern streanls and rivers, in which dams and 
poor-quality habitat often blocl< dispersal. Again, if popula- 
tions are to be reestablished, hurnan intervention u~ill be 
necessary. Fortunately, research on life history and on rear- 
ing techniclues (Henley et al. 2001 ) is beginning to make it pos- 
sible to rear large numbers of juvenile pearly mussels in the 
laboratory, a process that has proved difficult in the past be- 
cause of the exacting food requirements of juveniles. There 
have even been limited trials to stock these laboratory-reared 
juveniles into extirpated or depleted populations. Laboratory 
propagation for restocking has potential as a conservation tool, 
provided that restorationists understand and correct the rea- 
sons that ~nussels disappeared in the first place and take care 
to avoid genetic problems. 

Clearly, researchers and rnal~agers need better information 
on the impacts of human activities on pearly n~ussels, par- 
ticularly at large spatial scales. Nevertheless, given the high rates 
of decline in many pearly mussel populations (figure 5), 
conservation actions cannot be postponed until those declines 
are fully understood. Adaptive management (Walters 1986) 
may be a useful tool in situatiolls like this, when managers 
must take action on  the basis of imperfect information. 
Using adaptive lnanagement may be especially difficult with 
long-lived organisms, however, because the full effects of a 
management regime may not be apparent for decades or 
even centuries. It would therefore be valuable to develop 
leading indicators of the response of a mussel population 
before that response is fully expressecl. Such indicators, 
whether physiological (e.g., scope for growth; Bayne et al. 
1985) or demographic, will need careful evaluation before they 
are adopted. 

Conclusions 
We draw several conclusions from this brief overview of 
recent pearly mussel research. First, conservatioll concerns 
have caused a rapid increase in research o11 mussels, especially 
since about 1990 (figure 2). This research has produced find- 
ings of f~~ndarnental iniport'ince. Widespread surveys have 
confirmed thdt pearly ~nussels are indeed in trouble in 



developed parts of the world, with many species extinct or on 
the edge of exti~lction (figure Id, figure 5). Along with par- 
allel data on other freshwater plants and animals, these find- 
ings emphasize the ellornlous pressure that humans are plac- 
Ing on freshwater ecosystems. Nevertheless, it is proving to be 
difficult to identify and manage all of these hurnan impacts, 
especially those with diffuse and chronic effects. It will be im- 
portant to confront hypotheses developed from expert judg- 
ment (table 1) with an aggressive program of rigorous scientific 
research, and not to assume that scientists and managers 
have all the information necessary for managing n~ussel 
populations. Yet conservation actions to protect mussels must 
be pursued equally aggressively, without waiting for research 
to provide final answers. Adaptive management may be a 
useful tool, particularly if researchers can find good leading 
indicators of the long-lived pearly mussels, whose full 
response may take decades or centuries to unfold. 

Second, although pearly mussels are anlong the largest 
and nlost familiar of freshwater animals and have been stud- 
ied by scientists for decades, recent research has uncovered ma- 
jor surprises. In some cases, this research has shown that ac- 
cepted knowledge was wrong, but more often it has revealed 
important variations around familiar themes or has found 
phenomena that simply were not suspected to occur. It is likely 
that researchers will continue to make discoveries with 
major implications for the ecology, evolution, and conserva- 
tion of pearly mussels. When we read authoritative textbooks 
or look at the enormous volume of paper held in science 
libraries, it is sometimes easy to forget how much is still 
unltnown. As reseC~rch since 1980 has shown, pearly rnussels 
still hold secrets that await discovery. 
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