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ABSTRACT 

TEMPORAL DYNAMICS OF FRESHWATER MUSSEL LARVAE 

Stephanie Smodis 

University of Guelph, 2022

Advisor: 

Dr. Josef D. Ackerman 

Unionids, which have parasitic glochidia larvae, likely compete for host fishes in multispecies 

mussel beds (> 20 species). The timing of glochidia abundance and the potential for partitioning 

of their ‘host-fish’ environment were examined. Glochidia were continuously sampled at 2-h 

intervals over ten 24-h days using a rosette sampler in the Sydenham River, Ontario from late 

August to September 2020. A total of 6104 glochidia from 17 unionid species were analyzed. A 

generalized linear mixed model indicated that the highest abundance of glochidia was at night, 

peaking at 20:00 (± 1 h) LST. Chi-square analysis revealed that many species were not uniformly 

distributed throughout the day, rather, their abundance aligned with reported diel activity patterns 

of their hosts. Glochidia abundance peaked at different times in unionids that shared hosts, 

suggesting host partitioning. Results provide insight into the concept of host partitioning to 

reduce competition, which will aid in unionid conservation. 
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INTRODUCTION 

North America contains the most diverse freshwater mussel (order Unionida, families 

Margaritiferidae and Unionidae) fauna in the world, with roughly 300 species in wetlands, rivers, 

and lakes (Haag 2012). Unionids can be found in dense aggregations of multispecies (mussel 

beds) with > 20 species present at high densities (e.g., 23.6 ± 2.3 mussels m-2 in the Sydenham 

River at Florence, Ontario; Dr. Todd Morris DFO, as cited in Tran and Ackerman 2019) and 

provide a suite of valuable ecosystem services (Vaughn 2018; Hewitt et al. 2019). For example, 

unionids aid in improving water quality by removing suspended particles and pollutants from the 

water through suspension feeding (Haag 2012). Thus, unionids are useful bioindicators of the 

overall health of an aquatic ecosystem, as sudden die-offs are signs of toxicity and environmental 

health concerns (Chumnanpuen et al. 2011). Recent declines in North American mussel fauna 

have led to growing conservation concerns (Haag 2012). These declines are attributed to various 

types of anthropogenic disturbance, including: invasive species; commercial exploitation; 

pollution; flow regime alterations; and land-use changes leading to the deterioration and loss of 

habitat (Bauer 1988; Gordon et al. 2004; Haag 2012; Shea et al. 2013). 

 Unionid mussels have a complex life-history in which their larvae (glochidia) are 

parasitic on a vertebrate host (Barnhart et al. 2008). Whereas this complexity facilitates the 

dispersal of unionids within and among watersheds, it also contributes to their vulnerability. Any 

factors that limit populations of host fishes also limits larval development in mussels, especially 

for species that only parasitize a few host species (Vaughn 2012). Glochidia are commonly 

obligate ectoparasites on fish, although salamanders are identified as hosts for Simpsonaias 

ambigua (Salamander Mussel) (Haag 2012). Glochidia must successfully encyst on a suitable 
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host fish to continue development to the juvenile stage; however, there is often considerable 

overlap among host usage (i.e., 68 % of host species are shared by two or more unionids in the 

Sydenham River at Florence, Ontario, based on data in Schwalb et al. [2011] and Hewitt et al. 

[2019]). There is a greater chance of unionids saturating the local host fish resource in dense 

mussel beds, which contributes to competition among unionids for the limited host resource 

(Haag and Stoeckel 2015). How multiple unionid species are able to co-exist in the same area 

while relying on the same resources for survival and reproduction is unknown. Reliance on 

fishes influences the dispersal and distribution of mussels in the river through the movement 

behaviour and home range of their hosts (Culp et al. 2011; Schwalb et al. 2011; Haag 2012). 

After the juvenile mussel excysts from its host, settlement of the juvenile to the bottom of the 

riverbed occurs. Adult mussels are mostly sedentary, but they can use their muscular foot for 

repositioning and burrowing in the sediment. As noted by Barnhart et al. (2008), an 

understanding of the early life-history stages of unionids requires more research. The timing of 

spawning, brooding, and release can vary considerably between different species, populations 

and geographic localities (Watters and O’Dee 2000; Barnhart et al. 2008). The aim of this thesis 

is to address some unknowns in unionid early life-history with respect to potential partitioning of 

their environment with the timing of glochidial release among species. Niche partitioning has the 

benefit of minimizing competition to allow for the coexistence of species with overlap in 

resources and habitat (Rashleigh and DeAngelis 2007). 

Unionid Reproduction 

Fertilization in unionids occurs external to the reproductive tract, where females release their 

eggs from the gonads to their suprabranchial chamber (Haag 2012). This is likely the site where 
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sperm broadcast by males into the water column fertilizes eggs during spawning. Fertilized eggs 

are brooded by the female unionid in the primary water tubes of the gills (i.e., marsupia) (Haag 

2012). The female broods the eggs until they develop into mature glochidia, however, glochidia 

may be retained beyond maturity for an additional period (Gascho Landis et al. 2012). This 

maturation process can take less than eight weeks, varying between unionid species (Zale and 

Neves 1982a). Brood size varies among different unionid species and can range from hundreds 

to upwards of ten million glochidia (Haag 2012). According to Başçinar and Düzgüneş (2009), 

the number of glochidia produced depends on the size of the glochidia and the size of the female 

and is directly correlated to the shell length and marsupium dimensions. The portion of the 

female’s gills used for brooding varies between different mussel families, and gravid gills 

become greatly swollen, with their width thickening up to 30 times (Haag 2012). For example, 

the mean marsupium size of gravid Pyganodon cataracta (Eastern Floater) females was 1.85 

mm2 (water tube: 3.94 mm width × 0.46 mm length) compared to the mean marsupium size for 

pre-brooding females of 0.078 mm2 (water tube: 0.14 mm width × 0.55 mm length) (Tankersley 

and Dimock Jr. 1992).  

Water temperature is proposed to be an important cue for initiating spawning behaviour, 

as well as glochidial development, release, and survival (Gascho Landis et al. 2012; Zale and 

Neves 1982a). Tachytictic unionids are short-term brooders that retain their glochidia for a few 

weeks. They spawn in the spring and release their glochidia after they are fully developed in the 

summer. Bradytictic unionids are long-term brooders that typically retain their glochidia for up 

to six to seven months. They typically spawn in the late summer and brood their glochidia 

overwinter in the gills until release in early spring (Watters and O’Dee 2000; Graf and Ó Foighil 

2000). The glochidia of some species have the ability to overwinter on hosts in the fall and 



 

 

4 

winter, and metamorphosize once water temperatures warm in the spring. Host-overwintering 

can be advantageous for glochidia, as there is more time to grow and they can be transported 

greater distances than glochidia that do not overwinter on hosts (Watters and O’Dee 1999).  

In general, parasitism increases access to habitat, motility and supply of energy (Horký et 

al. 2014). The main selective advantage of the host-parasite relationship for unionids is phoresis 

(i.e., transportation on the host fish), at the expense of the host fish. The impact of high 

glochidial infestation (91 – 210 glochidia) of Anodonta 4natine (Duck mussel) on host fish 

Squalius cephalus (Chub; 55 mm long fish) revealed behavioural changes in activity. Infected S. 

cephalus reduced their movement with less activity in the laboratory and less upstream dispersal 

in the wild (Horký et al. 2014). The decreased activity observed was a response to the energetic 

demands of high parasitism, including immune responses and disruptions to the respiratory gas 

exchange over the gills of the host. Small-scale movements still have beneficial impacts on the 

dispersal of glochidia in the waterbody, improving the chances of finding a habitable 

environment and lowering the inbreeding depression (Horký et al. 2014). 

Unionid Early Life-History 

Once the brooding period is complete, glochidia are released from the female in an attempt to 

encyst on a potential host fish. Glochidia are roughly spherical, elliptical, triangular, or axe-

shaped bivalves that range from 50 to 400 μm in size, determined by the average shell length and 

height for each of the 128 Unionidae and Margaritiferidae species examined (Barnhart et al. 

2008). An adductor muscle allows each glochidium to contract and remain attached to their host 

fish (Wächtler et al. 2001). Hooks are apparent at the apical edge of some glochidia, containing 

rows of teeth on the outer surface. Hooked glochidia attach to the gills and external tissue of the 
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host, particularly the opercula and fins. The attachment site for glochidia lacking hooks is 

typically the gills of the host (Wächtler et al. 2001).  

There is considerable variation in host use among unionid species, populations and 

geographic locations (i.e., watersheds) (Watters and O’Dee 2000; Lellis et al. 2013). Among 

approximately 130 North American mussel species studied for host usage, about 80 % of species 

are specialists and only 20 % are generalists (Haag 2012). Specialists only parasitize a few fish 

species (i.e., less than 10 fish species) (Haag and Warren 1997), whereas generalists have broad 

immunological compatibility and can parasitize a variety of fish species. Glochidia that encyst on 

an unsuitable host will be rejected by the fish’s immune system, causing glochidial death (Haag 

2012). Thus, generalist species may lack host-specific glochidial adaptations to increase the 

potential of parasitizing a wider array of hosts (i.e., generalists may be less successful in 

parasitizing a given host fish species, but they can parasitize more species). Young and small 

host fishes are often parasitized most frequently by the freshwater pearl mussel, Margaritifera 

margaritifera, which could be attributed to acquired immunity in older fishes (Bauer 1988). Host 

fishes may acquire immunity to glochidial infection, however, it is less likely in the wild than the 

laboratory (Haag and Stoeckel 2015). Resistance is induced by undergoing multiple infestations 

and/or several high glochidial infection loads, averaging 500 glochidia per host fish (Rogers and 

Dimock Jr. 2003; Haag and Stoeckel 2015). Evidence of acquired resistance after two successive 

glochidial infections was observed between Utterbackia imbecillis (Paper Pondshell) and its host 

fish Lepomis macrcohirus (Bluegill Sunfish) (Rogers and Dimock Jr. 2003). Subsequent 

infestations are likely to experience an increase in the discard of dead glochidia, and a decrease 

in the success of metamorphosis to juveniles. Although fish typically carry less than ten 

glochidia in the wild, higher glochidial infestations can occur in areas of high mussel densities 
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(Neves and Widlak 1988). Neves and Widlak (1988) reported that the highest infections in the 

wild for Amblemini species were 140 glochidia on Notropis galacturus (Whitetail Shiner) in 

July, and 230 Lampsilini glochidia on Ambloplites rupestris (Rock Bass) in May. In total, 79 % 

of Lampsilini-infected hosts and 47 % of Amblemini-infected hosts had ten or less glochidia 

attached. Nevertheless, resistance to glochidial infections can limit the availability of suitable 

hosts for unionids, particularly in dense mussel beds (Haag 2012; Haag and Stoeckel 2015).  

Glochidia Development 

Water temperature is proposed to be a key determinant in glochidia development, release and 

survival (Gascho Landis et al. 2012). Low water temperatures below ~15 ̊ C can decrease 

glochidia development or delay glochidial release (Hastie and Young 2003; Gascho Landis et al. 

2012; Schneider et al. 2018). Roberts and Barnhart (1999) suggested that the warming of water 

temperature during the transition from winter to spring can accelerate the development of 

glochidia. In fact, this was observed in a laboratory study by Schneider et al. (2018). Glochidia 

were released early, which was likely initiated by an increase in water temperature from 10 ˚C to 

20 ˚C. Further increase in water temperatures above 25 ˚C are stressful for larval production and 

can negatively impact the mussel’s reproductive cycle (Österling 2015). The breadth of optimal 

conditions for glochidia development and eventual release, however, are species-specific and are 

variable between different waterbodies (Watters and O’Dee 2000). These conditions ultimately 

affect when glochidia are present in the water column and exemplify the diversity and 

complexity among unionid species.  
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Glochidia Release and Infestation 

Peak glochidial release is associated with a threshold water temperature that varies between 

species (Watters and O’Dee 2000). Generally, a thermal minimum for winter releasers and a 

thermal maximum for summer releasers may occur as a result of accumulated  degree days. This 

build-up of energy is sufficient to initiate glochidial release. For example, Lampsilis siliquoidea 

(Fatmucket) released their glochidia throughout most of the year, primarily from May to October 

with a peak release at 19 ˚C. Potamilus fragilis (Fragile Papershell) glochidia were only found 

between September and November, with a peak release at 11 ˚C. Eurynia dilatata (Spike) 

released their glochidia between August and September, and had another release period in 

November at water temperatures between 5 ˚C and 19 ˚C (Watters and O’Dee 2000). 

Considerable overlap between the time of release for different species is evident, especially those 

co-habiting the same environment. Interestingly, photoperiod was found to have little influence 

on reproductive behaviour (Gascho Landis et al. 2012). Gascho Landis et al. (2012) report, 

however, that hormonal or other physiological responses may occur as day light conditions shift 

and in anticipation of seasonal changes in water temperature. An important knowledge gap exists 

on how unionid species partition their environment temporally, especially in a multispecies 

mussel bed. This raises the question of whether competition for space on the gills of a given host 

fish exists. 

Once glochidia successfully encyst on a suitable host fish, metamorphosis into juveniles 

occurs. The host’s tissue encapsulates each glochidium to form cysts, and the development of 

paired adductor muscles, foot, gills and the digestive system occurs (Haag 2012). Newly formed 

juveniles excyst from the host fish and settle to the bottom of the river or lakebed where they 

mature into adult, free-living benthic macroinvertebrates. The movement of the host fish 
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ultimately affects the settlement location of unionids. Throughout different stages of the unionid 

reproductive cycle, the influence of hydrodynamic forces is critical. Transport of glochidia in the 

water column is influenced by hydrodynamic forces and is particularly important after glochidia 

are released from the gravid female (Schwalb et al. 2010; 2012).  

Host Infection Strategies 

Whereas there are diverse release strategies used by unionid mussels to infect host fishes, a given 

species typically relies on one host infection strategy (Watters and O’Dee 2000). Unionids may 

broadcast free larvae in the stream drift, often producing more glochidia than mussels that use 

specialized strategies (Barnhart et al. 2008). The broadcast of free larvae is commonly used by 

many species in the Unioninae subfamily, however, some species in the family Margaritiferidae 

and subfamily Ambleminae also use this strategy (Barnhart et al. 2008). Mucus webs are often 

used by generalists, such as Pyganodon grandis (Giant Floater), and these rely on chance 

encounters with hosts (Haag and Stoeckel 2015). Conglutinates are a cohesive or enveloped mass 

of eggs that are formed as molds in the female demibranch of many species in the Ambleminae 

subfamily. Alternate host infection strategies are possible, as exhibited by many species in the 

tribe Lampsilini. For example, Ligumia subrostrata (Pondmussel) primarily displays a mantle 

lure, but the release of conglutinates is also possible (Gascho Landis et al. 2012). Mantle lures 

are used to attract host fishes by resembling a prey item, such as a minnow. As the fish attempts 

to prey on the minnow mimic, the marsupium where glochidia are held is ruptured and glochidia 

are released (Barnhart et al. 2008). In the host trapping strategy used by Epioblasma species, 

such as E. triquetra (Snuffbox), the female mussel closes the shell valves on the host upon 

contact between the host and mussel mantle and glochidia are pumped directly onto the fish 
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(Barnhart et al. 2008). Differences in transmission efficiencies and glochidial survival among 

infection strategies exist, suggesting an important trade-off. Haag and Stoeckel (2015) found that 

the mantle lure strategy was associated with higher transmission efficiency and glochidial 

survival compared to the mucus web strategy, regardless of host abundance. Although the mucus 

web strategy is regarded as less efficient and has lower glochidial survival, it has the benefit of 

potentially infecting a wider variety of host fishes. Mantle lure transmission relies on the 

presence of targeted host fishes and the host specificity of the lure. 

Regardless of the strategy, glochidia must successfully attach to a suitable host or they 

will not survive (Tremblay et al. 2016). Although the survival time before glochidia must 

encounter a host fish in the wild is unknown, lab studies have demonstrated that glochidia can 

live for hours to weeks depending on the species and water temperature (Barnhart et al. 2008). 

This not only raises the importance of the presence of host fishes, but also the timing of glochidia 

release to best fit the environmental conditions and increase chances of survival. For example, 

the timing of glochidia release by Unio crassus (Thick-Shelled River mussel) was delayed 

somewhat but not significantly, when no host fish were present compared to when hosts were 

present (Schneider et al. 2018). A similar outcome was observed for L. subrostrata and P. 

grandis using mantle lure and mucus web transmission strategies, respectively. Unionid 

recruitment rapidly increased as hosts were more readily available, until an asymptote was 

reached (Haag and Stoeckel 2015). This demonstrates the vulnerability of reproduction in 

unionids because their ultimate survival depends on host fishes; failure to infect a host fish 

results in the mortality of glochidia and reproductive failure. Consequently, any factor(s) limiting 

populations of host fishes also limits mussel reproduction. This becomes more apparent for 

species exhibiting host specificity (Vaughn 2012). McNichols et al. (2011) proposed that the loss 
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of primary (high-quality) host species forces unionids to rely on marginal (low-quality) host 

species. They suggest that a decline in unionid abundance from their historical range, and 

restricted populations can occur, as experienced by the endangered Epioblasma rangiana 

(Northern Riffleshell) in southern Ontario.  

Phenology of Unionid Early Life-History and Diel Periods 

Phenology (i.e., the study of seasonality) is an important temporal sequence that must be 

considered in ecological systems. It can provide insight into times when species are 

reproductively and physically active. Unionids exhibit burrowing behaviour into the sediment, 

and may decrease reproductive activity seasonally, beginning in the fall and winter months 

(Vaughn and Hakenkamp 2001; Haag 2012). This behaviour varies among species and 

populations. A review of existing data collected since 2004 in the Ackerman Laboratory 

(University of Guelph) for unionid reproduction in southern Ontario indicates that there are two 

main gravidity periods for 16 unionid species observed between May and October: the first 

between May and June/July when 11 of the species were gravid; and the second between August 

and September/October when 9 species were gravid (Appendix Table A1). Of the 16 unionid 

species, one species has two distinct gravidity periods and three species were gravid throughout 

both gravidity periods.  

Fish species also show temporal patterns in their locomotion, feeding activities and 

spawning, in this case related to diel activity patterns (Reebs 2002). Diel is defined as a 24-h 

cyclic pattern, with the occurrence of light-dark cycles and changing light intensities (Reebs 

2002). These activity patterns depend on the position of the sun and are defined as diurnal 

(daytime), nocturnal (nighttime) and crepuscular (twilight periods, including dawn and dusk). 
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Dawn occurs from morning astronomical to civil twilight when sunrise begins, and dusk occurs 

after sunset from evening civil twilight to astronomical twilight (Forsythe et al. 1995). Thus, the 

position of the sun is closest to the horizon at civil twilight, and furthest at astronomical twilight, 

approximately 6 ˚ and 18 ˚ below the horizon respectively (Forsythe et al. 1995). The duration of 

time spent in each diel period shifts seasonally, with diurnal as the longest diel period in southern 

Ontario summers, and nocturnal as the longest diel period in southern Ontario winters. 

An examination of mussel-host fish relationships in southern Ontario by Schwalb et al. 

(2011) revealed that many unionid species are reported to parasitize multiple host fishes. Of the 

33 unionid species considered, 28 unionids, or 85 %, are reported to parasitize more than one 

host fish species. There are 5 unionids reported to parasitize a single host species, including: 

Fusconaia flava (Wabash Pigtoe); Ligumia recta (Black Sandshell); Potamilus alatus (Pink 

Heelsplitter); Potamilus fragilis (Fragile Papershell); and Quadrula quadrula (Mapleleaf). These 

reports, however, may reflect a lack of host testing. It is important to note that host use is known 

to differ among different populations of the same unionid species, which indicates local 

adaptation (Watters and O’Dee 2000; Lellis et al. 2013; Douda et al. 2014).    

Competition 

Negative interactions among unionids, often to obtain a limiting factor, such as the number of 

potential host fishes available or space on the gills, are defined as competition. Intraspecific 

interactions involve organisms of the same species, whereas interspecific competition involve 

organisms of two or more species. The concept of niche partitioning has been described in many 

ecological systems, including freshwater, marine and terrestrial systems (Haag and Warren 2000; 

Lear et al. 2021). Partitioning of limiting factors may help to mitigate competition (Poos et al. 
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2010), allowing for the coexistence of competing species. Co-occurring unionid species exhibit 

hydrodynamically mediated resource partitioning by selectively feeding on different algal 

species within a flowing fluid rather than exploiting different microhabitats, or through spatial or 

temporal partitioning of resources (Tran and Ackerman 2019). Temporal and spatial 

environmental variability of host fishes have been proposed to promote coexistence of mussel 

species, as they do not need to outcompete each other under these conditions (Rashleigh and 

DeAngelis 2007). Improving the chances of successful reproduction is critical for organisms like 

mussels, which have a sedentary lifestyle. Evidence in support of temporal partitioning of host 

fish has been described in unionids, for example, different lure colouration and diel rhythms are 

displayed by two Villosa species that share the same host fish, V. nebulosa and V. vibex (Haag 

and Warren 2000). V. nebulosa displayed a white lure, increasing visibility during nocturnal 

periods, and V. vibex displayed a dark lure during diurnal periods. Similarly, segregation of 

display time was observed among three Lampsilis species: L. cardium; L. reeviana; and L. 

siliquoidea (Kraemer 1970). Mantle flapping displays decreased in frequency for L. cardium as 

light intensity decreased. At low-light to dark conditions, L. reeviana and L. siliquoidea 

displayed vigorous mantle flapping. This has the benefit of targeting host resources at different 

times (i.e., partitioning host fish among mussel species). 

Competition between invasive and native fishes can indirectly impact unionid mussels. 

For example, Neogobius melanostomus (Round Goby) is reported to out-compete Percina 

Caprodes (Common Logperch), Cottus bairdii (Mottled Sculpin), and other small benthic 

species through direct competition for resources, overlap in habitat, and predation (Poos et al. 

2010). This can indirectly affect unionids through the reduction and potential collapse of host 

fish populations. N. melanostomus consumes mussel shells up to 12.9 mm in length, with 
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particular consumption of invasive dreissenid mussels. It is suspected that some unionid mussels 

may be impacted by direct predation, including Paetulinio fabalis (Rayed Bean) and 

Simpsonaias ambigua (Salamander Mussel), that reach a small adult size of 20 mm and 25 mm, 

respectively (Poos et al. 2010). A shift in diet to feed on dreissenid mussels is possible for N. 

melanostomus, which allows for their coexistence with native taxa (Poos et al. 2010). With a lack 

of dreissenid mussels, resource partitioning cannot occur, and the impacts of N. melanostomus 

may be accelerated.  Most disturbing is the report that the glochidia from a variety of unionid 

species successfully infested N. melanostomus at high rates but failed to metamorphose into 

juvenile mussels, thus facilitating reproductive failure and acting as a sink for glochidia 

(Tremblay et al. 2016). 

Hydrodynamic Forces and Glochidia Transport 

There are a number of stages in unionid life-history that are influenced by hydrodynamic forces, 

including the transport of glochidia and juvenile mussels in the water. The effects of 

hydrodynamics vary at different spatial scales and can be quantified using the Reynolds number, 

which is the ratio of inertial to viscous forces (Vogel 1994). The Reynolds number (Re) is 

calculated as,  

 Re = 
ρ𝑙𝑈

μ
 = 

𝑙𝑈

𝑣
    (1) 

where ρ is the water density; l is the characteristic length of the organism; U is the water 

velocity; μ is the dynamic viscosity (i.e., molecular viscosity that undergoes shear stress due to 

molecular interactions) and v is the kinematic viscosity (where v = 
μ

ρ
 , indicating how easily the 

water flows). For an invertebrate larva, such as a glochidium, that is 300 μm long moving at a 
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speed of 1 mm/s, the Re is 0.3 (Vogel 1994).  Given their small size and inefficient swimming 

capability (i.e., clapping of valves), glochidia experience their environment at low Re in which 

the flow is laminar and viscous forces are relatively large. By comparison, a large 30-m whale 

swimming at 10 m/s has a Re of 300,000,000 (i.e., 109 times greater than the Re of the 

glochidium) and experience their environment at high Re in which the flow is turbulent and 

inertial forces dominate.  

 In the absence of turbulence, a simple transport model in uniform downstream flow 

predicts that the distance glochidia are transported downstream increases as the settling velocity 

decreases, the stream velocity increases, and/or release height increases (Fonseca 1999). 

Consequently, glochidia are unable to disperse upstream on their own, and thus rely on a host 

fish to facilitate upstream and long-distance dispersal, and thus facilitate the connectivity among 

unionid populations (Newton et al. 2008; Schwalb et al. 2010). 

Discharge, the rate at which a volume of water flows past a point over per unit time 

(Gordon et al. 2004), is contingent on seasonal and environmental conditions, as well as storm 

events (Allan and Castillo 2007). High discharge is important because it affects water flow and 

sedimentary processes through the interaction of flow with the riverbed (Gordon et al. 2004). For 

example, the movement of host fish is influenced by seasonal and discharge conditions, whereby 

high discharge can wash or displace small benthic fish down the river (Schwalb et al. 2010). 

Variation in discharge may also influence the downstream dispersal of stream-dwelling 

organisms, like glochidia after release from the gravid female (Gordon et al. 2004). Specifically, 

high water column and near-bed turbulence, often associated with rough bottom topography, can 

redirect glochidia larvae to the riverbed (Schwalb et al. 2012). These same turbulent conditions 
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can, however, resuspend sediment and transport it downstream (Koch et al. 2006). Consequently, 

glochidia that have settled to the river bottom may also be resuspended back into the water 

column and hence facilitate downstream infestation of host fish.  

Given the biological and physical complexity of the early life-history of unionids, it is 

reasonable to suggest that mechanisms promoting their co-existence in a multispecies mussel bed 

exist. The potential for partitioning of the limited host fish resource among unionids with 

overlapping host fish usage is unknown. In an effort to address this suggestion as well as better 

understand unionid early life-history and reproductive timing, the following research question, 

hypothesis and prediction are posed. 

Research Question 

Do unionid species partition their environment to avoid competition for host fishes by the release 

of glochidia at different times within a season? 

Hypothesis 

Given the high species richness of unionids at river sites, coupled with the limited abundance and 

reported overlap in host fishes, I hypothesize that unionids release their glochidia at different 

times (i.e., hourly and/or daily) to partition their host fishes.  

Prediction 

If my hypothesis is correct, then the abundance of glochidia from different unionid species will 

vary at different temporal scales (i.e., hourly and/or daily) in relation to the reported diel activity 

patterns of host fishes, especially in unionids that share the same host fishes. 
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METHODS 

Study Site 

The Sydenham River is known to be one of the most biodiverse areas in Canada, providing 

important habitat for unionids, fish, bird, reptile, amphibian, and macrophyte species (Staton et 

al. 2013; Sheldon et al. 2018). The Florence site (42.65007, -82.00903; Fisheries and Oceans 

Canada [DFO] site SR-05) was chosen because of the high species richness (24 species; 4.6 ± 0.1 

species m−2) and mussel density (23.6 ± 2.3 mussels m−2; Dr. Todd Morris DFO, as cited in Tran 

and Ackerman 2019), as well as its accessibility and safety from public tampering with sampling 

equipment. 20 of the 24 species have been found in a gravid state with the potential to release 

glochidia during late summer and fall (Appendix A Table A2). Six of these species are federally 

listed in Canada as Species-At-Risk (SAR), i.e., endangered or special concern, under the 

Species at Risk Act (SARA) and provincially under the Endangered Species Act (ESA) in 

Ontario. 

Glochidia Sampling 

A custom-built rosette sampler was used to collect glochidia from the Sydenham River during 10 

x 24-h sampling periods and each period consisted of 12 x 2-h samples. Sampling took place 

between August 31 to September 28, 2020, and 2 additional samples were collected on the last 

sampling day (i.e., a total of [120 + 2] × 2-h samples). The sampler contained a turntable with 12 

labelled PVC sample chambers (9.65 cm long 2” [5.08 cm] NPT pipe with 100-µm Nitex mesh 

at the bottom glued to 2” pipe coupling) programmed to rotate every 2 h. The sampler and 

electronics were secured in a 102-L heavy-duty Mastercraft tote connected to a smaller 70-L 

Mastercraft tote containing a 12 V deep cycle battery for power (Figures 1 and 2). River water 
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was pumped from 14 cm above the riverbed using a 240 L/h submersible pump (DC30A-1230 

Brushless DC Pump, Shysky Tech, Guangdong, China) contained within a 5 mm mesh bag and 

secured to the riverbed using rebar. The pump outlet (diameter = 8 mm) was connected to the 

intake of the rosette sampler providing continuous water flow during a deployment. An overflow 

tube, which was located 11.1 cm above the bottom of the glochidia sampler tote to maintain wet 

conditions in case of power failure, allowed the river water to return to the river.  

Before starting a 24-h cycle, the riverbed was surveyed for mussels before carefully 

inserting the rebar into the riverbed sediment. Foot traffic in the river was minimized upstream of 

the pump to prevent human interference and cloggage from river water debris. The sampler was 

levelled, and two rotations of the turntable were completed to ensure that the chambers would 

not overflow, which would result in sample loss. Chambers were also checked for secure 

placement in the turntable, as chamber dislodgement would have blocked the turntable from 

rotating. Lastly, volumetric flow rate of the system at the overflow tube was measured using a 1-

L Nalgene bottle at the beginning (0 h) and end (24 h) of a 24-h sampling period.  

The deployment of drift nets was originally planned as a back-up to the glochidia sampler, 

however, they were not deemed necessary. Upon sampling completion, the mesh on each 

chamber was washed with ethanol preservative into a Nalgene storage bottle labelled according 

to the date and 2-h time period of sampling. Deionized (DI) water and 95 % ethanol were used to 

transfer and preserve each sample to a minimum final concentration of 70 % ethanol. If the 

supply of DI water was depleted, river water filtered using a 100 µm mesh was used to transfer 

the sample (i.e., this occurred on two days for a total of four chambers). The transferred sample 

was gently turned upside down to evenly distribute the preservative before storing it in a cooler 
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for transport to the university. Preservation of the samples helped maintain the morphological 

features of glochidia. Sample chambers were rinsed and cleaned with a scrubbing brush before 

use in the next deployment.  

Figure 1. Equipment set-up for glochidia sampling: (a) tote containing the glochidia sampler, (b) 
outflow tube, (c) inflow tube, (d) pump enclosed in a mesh bag, and (e) drift net . 

Figure 2. Rosette sampler used to collect glochidia, with: (a) 12 labelled PVC chambers, (b) 24-
h cycle and turntable jog switches, (c) rotating turntable every 2-h, and (d) inflow tube for river 
water. 
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Measurement of Environmental Conditions 

Environmental conditions, such as water temperature and flow variability, influence the 

abundance, distribution and productivity of stream-dwelling organisms (Gordon et al. 2004). 

Consequently, local conditions were recorded throughout each 24-h sampling period. Daily 

discharge and water level measurements at the Sydenham River Florence site were obtained 

from Environment Canada (https://wateroffice.ec.gc.ca/report/historical_e.html?stn=02GG003). 

Water quality conditions were measured using a YSI multi-parameter probe (YSI ProDSS; 

Yellow Springs Instruments, Yellow Springs, OH, USA), specifically temperature and dissolved 

oxygen. Velocity measurements were made using a Swoffer Model 2100 propellor flowmeter 

(Swoffer Instruments, Inc., Sumner, WA, USA) at the height of the pump inlet and at 60 % water 

depth, which was measured using a wading rod. Water quality and velocity measurements were 

taken on the right side and at least 30 cm from the pump to prevent disruption of the bottom 

sediment and flow of the water. Velocity was also recorded in the centre of the channel (i.e., 

open water).  

 Photosynthetic Photon Flux Fluence Rate (PPFFR) or quantum scalar irradiance was 

measured within 60 cm of the pump using a QSL Logger2100 quantum scalar sensor (Biospherical 

Instruments Inc., San Diego, CA, USA). Multiple light measurements were taken throughout a 

day to record changes in the morning, afternoon, and evening. Readings were taken for a 

minimum of 30 s above the surface of the water and another reading was taken with the spherical 

optical sensor submerged 2 cm below the water surface. A field assistant held the QSL 

Logger2100 with their arm extended and stood as far away from the instrument as possible. This 

limited interference with the natural lighting and prevented the casting of a shadow. To ensure 
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stability in the readings, the first and last 5 s of each recording were not included in calculations. 

The two light readings (i.e., surface and submerged) were used to calculate the light extinction 

coefficient (k) derived from the attenuation equation (i.e., Lambert-Beer Law),  

 Iz = I0 e-kz     (2) 

where Iz is the irradiance at depth z and I0 is the irradiance at the surface. 

 The start and end time of each 2-h interval were converted from Eastern Standard Time 

(EST) to Local Solar Time (LST). LST accounts for the position of the sun in the sky with 

respect to a specified location. Solar noon occurs when the sun reaches its highest position in the 

sky. An online converter was used to input date, time, and site location data for the Sydenham 

River Florence site and calculate LST (https://www.susdesign.com/sunangle/; Sustainable by 

Design 2009). Analyses were performed with reference to LST.  

Glochidia Identification 

The preserved samples were stored in a refrigerator and processed in the laboratory. Samples 

were processed sequentially, starting with chamber one on the first sampling day. Individual 

glochidium in paired or single shells were identified, photographed and analyzed within the 2-h 

sampling interval. Samples were carefully poured over a 100 μm mesh to drain the ethanol 

preservative, and DI water was used to transfer the sample onto a 9 cm × 9 cm gridded petri dish, 

with 1.35 cm2 per grid cell. Samples were observed under a dissecting microscope equipped with 

a 10-megapixel camera (Swiftcam Sc1003-CK, Swift Optical Instruments, Inc., Schertz, TX, 

USA). The scale bar in the camera was calibrated in Swift Imaging 3.0 software (Swift Optical 

Instruments, Inc., Schertz, TX, USA) using a wire of known diameter, i.e., 275 μm. Each 

https://www.susdesign.com/sunangle/
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glochidium was photographed in Swift Imaging 3.0, and the files were labelled according to the 

sampling day, 2-h sample and the glochidium number. The photographed glochidia were 

removed from the petri dish using a syringe and transferred into a storage vial containing 95 % 

ethanol for the respective day and chamber.  

 Morphometric data were collected in Swift Imaging 3.0 upon completion of sample 

processing. The shell length, hinge length and shell height of each glochidium were measured to 

the nearest 0.01 μm in accordance with Kennedy and Haag (2005) (Figure 3). A shape 

categorization was assigned to each glochidium: semi-circular; elliptical; triangular; or axe-

shaped based on the species present (Figure 4). Semi-circular glochidia are less elongated in 

terms of height, have a wider hinge length and do not taper off towards the hinge compared to 

elliptical glochidia. Axe-shaped glochidia are unique to one species, P. alatus (Figures 3 and 4). 

The glochidia images and their morphometric data were compared against known glochidia 

reference collection data (i.e., Glochidia Atlas of Ontario [Ackerman Laboratory; University of 

Guelph]; Tremblay et al. 2015; Dr. Todd Morris DFO pers. comm.). This information was used 

to identify glochidia to the species level, where possible, based on extant species at the 

Sydenham River Florence site that have been observed to be gravid and potentially releasing 

glochidia during late August and September. This could include both short and long-term 

brooders. Three sets of biplot morphometric graphs (i.e., height vs. length, height vs. hinge 

length, and length vs. hinge length) were constructed for each shape categorization, excluding 

axe-shaped glochidia (Figure 5). The mean ± 2 standard deviations of the morphometrics of the 

glochidia in the reference collection species were overlaid on the morphometrics of each 

glochidium collected, with the exception of F. flava, which lacked a reported standard deviation 

for its hinge length. It is relevant to note that the use of the 100-μm mesh in the chambers likely 
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precluded species with glochidia lengths smaller than 100 μm (e.g., P. fragilis and Q. quadrula). 

Consequently, these two species were removed from the list of potential species.  

Figure 3. Apparatus used to identify glochidia identification: (A) dissecting microscope with (a) 

Swift 10 mega-pixel camera, (b) Swift Imaging 3.0 software, and (c) syringe to transfer 
glochidia, (B) Morphometrics of the height, hinge length, and length measured in Swift Imaging 

3.0, and (C) Distinctive axe-shaped glochidia of Potamilus alatus. 

Figure 4. Comparison of shape categorizations for (A) semi-circular, (B) elliptical, (C) 

triangular, and (D) axe-shaped glochidia found in the Sydenham River.

A B C D 

150 μm 

150 μm 
Hinge Length 

Length 

Height 
A B 

a 

b 

c 

C 



 

 

23 

 

A1 

B1 

C1 

A2 A3 

B2 B3 

C2 C3 



 

 

24 

Figure 5. Glochidia morphometric biplot graphs for each shape categorization: (A) semi-circular in pink, (B) elliptical in blue, and (C) 
triangular in green. Biplots are displayed for: (1) height and length, (2) height and hinge length, and (3) length and hinge length. Each 

glochidium observed is represented by an open grey circle. The reported mean of each species is represented by the large symbol, and 
the transparent boxes are 2 standard deviations from the mean morphometrics of glochidia in a reference collection (Glochidia Atlas 

of Ontario [Ackerman Laboratory; University of Guelph]; Tremblay et al. 2015; Dr. Todd Morris DFO pers. comm.). It is important to 
note that the axis ranges differ among the three shape categories, indicating that there is less overlap among species.
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Glochidia Identification Models 

Several mathematical models were created in Microsoft Excel using a series of nested logical 

statements to identify each photographed glochidium (bivalve or valve) to the species level. The 

first level was the categorization of the shape of the glochidium (Figure 4) to determine which 

model would be used. In other words, separate models were applied to semi-circular, elliptical 

and triangular glochidia. Each model queried (1) whether the shell height fell within a 

predetermined range, if positive then the model queried (2) whether the hinge length fell within a 

predetermined range, and if positive then the model queried (3) whether the shell length fell 

within a predetermined range for a given species. Any negative results led the query of next level 

of the predetermined range query for that measurement. Ranges were determined from species 

specific glochidia morphometrics from the reference collection, i.e., mean ± 2 standard 

deviations (Appendix A Table A3). There could be a maximum of 64 query statements in a given 

model. In the case of broken glochidia, the query statements were modified to use the one or two 

measurements that could be made on the glochidium. 

 The order of species within a model proved to be sensitive for species with overlapping 

morphometrics values (semi-circular glochidia: E. rangiana; E. triquetra; and E. dilatata), 

specifically leading to the numerical dominance of the taxon identified (i.e., it changed the 

species identification). Consequently, the order of species listed was determined a priori based 

on species abundance, gravidity periods and reported release times of glochidia in the area. 

Priority was given to primary species based on the reported species abundance at SR-05 (Dr. 

Todd Morris DFO pers. comm.), and the reported gravidity and glochidial release period at the 

time of sampling (Appendix A Table A2). Secondary species have a reported glochidial release 

period earlier in the summer (e.g., July). Primary species were ranked in the logical statements 
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according to their reported species abundance and then the secondary species were ranked 

similarly (Appendix A Table A4). The results of the model are presented in Figure 5, which 

show a good match between the measured mean value of the known morphological 

measurements against the identified glochidia. Importantly, the mean value generally falls within 

the centre of the cloud of glochidia for each species in Figure 5. 

In order to evaluate statistically the validity of the glochidia identification, which were 

based on the model using a priori information, seven other models were created by altering the 

order of those species with overlapping morphometrics and gravidity and glochidia release 

periods. The two models with the largest numerical differences from the model used were 

identified; both were based on changing the order of the species with overlapping 

morphometrics, one was also based on mussel abundance but did not consider the glochidia 

release periods (Appendix A Table A4). The statistical analysis for the diel activity pattern (see 

below) was rerun for these latter two models to determine the effect of model choice on the 

outcome of the study. 

 To determine the minimum number of individuals from the glochidia single and paired 

valves collected, the Excel datasheet was sorted within each day and chamber by: (1) the species 

identification; and (2) the height measurement. Valves were paired when they were within ± 4 

µm of each other for each measurement of the height, hinge length and length. Average 

measurements were calculated between the paired valves.  

 Variations in the volumetric flow rate of the pump were considered in the analysis by 

determining the volume of water sampled in each 2-h sample. When the volumetric flow rate 

was not constant, a linear relationship was assumed between the flow rate measured at the 



 

 

27 

beginning and end of each sampling day, and this was applied across the 12 chambers. The total 

number of glochidia collected in each chamber was then divided by the volume of water sampled 

(m3) in the 2-h period, thus providing a concentration of glochidia per cubic metre 

(glochidia/m3). Concentrations were converted back into numerical abundances by multiplying 

the concentration by the largest volume of water sampled in 2-h among all sampling days (i.e., 

0.2831 m3). 

 Because the 24-h cycle of each day was not synchronized (i.e., the sampling was started 

at different times on each day), the timing used in the study was based on the range of start times 

that occurred within 2-h intervals beginning at 00:00 h. So, for example, all start times from 

7:00-8:59 LST were assigned and are reported as 8:00 (± 1 h) LST. 

Statistical Analysis 

A generalized linear mixed model (GLMM) was used to examine the hypothesis that glochidia 

were released equally at different times. In this case, unionid species that were > 2 % of the total 

number of glochidia collected were included in the GLMM analysis because of the difficulties 

associated with large numbers of zero observations (Bolker et al. 2009). These focal species 

include: C. tuberculata; E. triquetra; E. dilatata; and O. ligamentina. A negative binomial 

distribution with a log-link was used to account for overdispersion in the data, which was 

indicated by a Poisson distribution model. Species and time-of-day (i.e., chambers) were treated 

as fixed effects, and sampling day was a random effect. Evidence of significant overdispersion is 

indicated by a Pearson 
𝜒2

𝐷𝐹⁄ >  2, values between 1 and 2 indicate mild overdispersion in the 

model, whereas values close to 1 indicate a good model fit (Bowley 2015).  Pairwise 

comparisons based on the least-square means (LS means) were examined with Tukey-Kramer 
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adjustments when significant factors were revealed. A covariance parameter test was run to 

determine if the variance component of the random effect was equal to zero. GLMMs, which 

incorporate the properties of linear mixed models and generalized linear models, are powerful in 

the analysis of non-normal data with random effects (Bolker et al. 2009).  

Chi-square (ꭓ²) goodness-of-fit tests were used to determine whether there were temporal 

patterns in the distribution of glochidia sampled, based on (1) the time of day and (2) among 

sampling days. Note that the additional two samples collected on September 28 were pooled with 

the last sampling day (i.e., September 27-28) for daily analyses, providing a total of ten sampling 

days. This is because ꭓ² analysis does not correct for the lack of a full sampling day and 

including a Day 11 would severely underestimate the daily total. The ꭓ² goodness-of-fit tests 

involved the examination of three probability distribution models (uniform through time; random 

in time; and clustered in time; Arocena and Ackerman 1998). Each of the equations for 

probability distribution models presented below are from Arocena and Ackerman (1998). The 

expected number of glochidia (E) was calculated from, 

E = m / T       (3) 

where m is the total number of glochidia, and T is the number of time intervals (i.e., 

chambers/times of the day) or days, respectively. ꭓ² goodness-of-fit was tested, 

   ꭓ² = ∑(O – E)2 / E     (4) 

where O is the observed number of glochidia collected. Uniformity in the number of glochidia 

sampled was examined assuming equal frequencies among times of the day (or days) for all 

species pooled and each species separately. If the results provide evidence of nonuniformity in 
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time, then a random distribution was examined for all species pooled and the four focal species. 

The random distribution was examined using a Poisson probability distribution to determine the 

expected number of glochidia for the model. The probability (P) of collecting glochidia at a 

certain time (or day) is, 

   Pr = exp – E(Er / r!)     (5) 

where r is number of glochidia in each time interval (or day). The expected number (Er) of time 

intervals (or days) with r glochidia is, 

   Er = TPr      (6) 

If the null hypothesis of the Poisson distribution model was rejected (i.e., ꭓ²-test statistic is 

greater than the critical value), then the clustered distribution was examined. Clustering in the 

number of glochidia sampled was examined using a negative binomial probability distribution to 

determine the expected number of glochidia in the model. The probabilities of collecting zero 

glochidia and r glochidia, respectively, in a time interval (or day) were computed by, 

   P0 = 1 / (1 + p)k     (7) 

   Pr = [(k + r – 1)(p /( 1 + p)) / r][P(r – 1)]  (8) 

   k = E2 / (s2 – E)     (9) 

   p = E / k      (10) 

   s2 = [∑ (𝑟𝑖− 𝐸)𝑇
𝑖=1

2] / (T – 1)    (11) 
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where k is a measure of the degree that glochidia are clustered; p is the probability that a time 

interval (or day) contains glochidia at a density of r; and s2 is the variance in the number of 

glochidia per time interval (or day). If the null hypothesis of the negative binomial distribution 

model was rejected (i.e., not uniform, random, or clustered), then there is evidence of a different 

mechanism occurring. In this case, the temporal distribution of glochidia throughout the day 

according to the three diel periods (i.e., diurnal; crepuscular; and nocturnal) was examined using 

a ꭓ² analysis of frequency. Each 2-h time interval was assigned to the respective diel period and 

when needed, glochidia abundances were assigned relative to the proportion of the time interval 

that occurred within each diel period.  

Separate ꭓ² analysis of frequency tests were run to examine the validity of the glochidia 

identification models, specifically the two models with the largest differences relative to model 

used were compared to that model (Appendix A Table A4). Relative deviations (RD) were 

calculated in the chi-square analysis by, 

RD = (Obs % – Test %) / Test %   (12) 

where Obs % is the observed percentage of glochidia from each species in each diel period , and 

Test % is the test percentage for each diel period. The ꭓ² test was weighted by the abundance of 

glochidia for each species. 

Network analysis was performed for the glochidia of the 17 mussel species collected and 

their 44 reported host fish species. A total of 34 reported host fish were surveyed at 10 sites 

along the Sydenham River by the St. Clair Region Conservation Authority (SCRCA) between 

August 25 to September 23, 2020 (DFO Unpublished). All fish species surveyed in the 
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Sydenham River including those not reported as hosts were included in the network analysis. 

Each species of mussels and fish are referred to as a node, and host-parasite relationships was 

represented by an edge in the graph. Degree centralities (i.e., number of edges [lines] that are 

connected with a particular node) were calculated to determine the interconnectivity of each 

species. 

GLMM and most chi-square statistical analyses were performed in SAS Studio (v. 3.8) 

with a Type I error rate, α = 0.05. Random and clustered probability distribution models were 

calculated in Microsoft Excel 2016. Network analysis was performed in RStudio (v 4.1.0). 

RESULTS 

Temporal Variation of Glochidia 

Time-of-Day Abundance 

A total of 5242 valves and bivalves were collected during sampling days. After pairing valves 

with species, a minimum number of 3785 glochidia were determined. This number rose to 6321 

glochidia after corrections for variations in volumetric flow rate were undertaken (i.e., the 

concentration of glochidia sampled in a given 2-h period was determined and multiplied by 

0.2831 m3, which was the largest volume of water sampled in 2-h). This latter total included 217 

broken and/or unidentified glochidia, including 146 broken glochidia with no shape 

categorization, and 68 unidentified glochidia (i.e., 3 semi-circular, 41 elliptical, and 24 

triangular). As a result, 6104 glochidia identified to the species level were analyzed. The 

occurrence of glochidia sampled in the water column varied through time both among the sample 

days and within days (Figure 6; daily averages: 610.4 ± 99.5, and 2-h interval averages: 50.9 ± 

3.1 for all glochidia identified). The average distribution of glochidia sampled on a given day 
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normalized by the total number of glochidia sampled in that day revealed several interesting 

patterns. Generally, the abundance of glochidia appeared to increase during the dusk crepuscular 

period and decline by the following morning. Glochidia abundance peaked during the nocturnal 

activity periods for 8 of the 10 days, and the remaining daily peaks occurred during a diurnal and 

crepuscular activity period (Figure 6). 
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Figure 6. Normalized abundance of glochidia (C0/Cmax) sampled within a sampling day to identify daily peak abundance. Diel periods 
and peaks are designated by colour (i.e., blue = Diurnal, yellow = Crepuscular, and pink = Nocturnal). Daily peaks are circled. The 

overlap in diel periods around dawn and dusk are due to changes in daylight conditions. 
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 Seventeen species were identified in the samples (see Table 1 for list of species), and the 

abundance varied with species. No glochidia were identified as A. plicata, which was listed as a 

secondary species due to the reported gravidity and glochidial release periods that did not match 

the sampling period. Some species were collected in higher numbers, whereas others were rarely 

collected (Figure 7). Specifically, E. dilatata was the most abundant species on average (40.1 ± 

2.7) in a given 2-h sample period, whereas P. fabalis was the least abundant (0.01 ± 0.01). Only 

2 glochidia were collected from P. fabalis, which has a limited contribution to the patterns when 

all 17 species are pooled. Due to the unequal representation of species collected, caution must be 

taken when attempting to generalize the patterns described for species collected in low 

abundance (e.g., average glochidia abundance less than 1 per 2-h period). Significant differences 

among focal species (those that contributed > 2 % of the total abundance of glochidia: C. 

tuberculata; E. triquetra; E. dilatata; and O. ligamentina) were detected in mean abundances at 

2-h periods (F3,414 = 556.11, p < 0.001). It is important to note that C. tuberculata and O. 

ligamentina are elliptical with no overlap in morphometrics, therefore, misidentifications 

between the two species in the model are unlikely. E. triquetra and E. dilatata are semi-circular 

with overlap in morphometrics, however, E. dilatata is a short-term brooder with less host 

selectively compared to E. triquetra. Pairwise comparisons based on Tukey-Kramer adjusted LS 

means revealed that the total number of glochidia collected from each species were significantly 

different (p < 0.05). The greatest number of glochidia collected overall were from E. dilatata 

(74.08 % of the total species collected), followed by O. ligamentina (9.20 %), E. triquetra (2.87 

%), and C. tuberculata (2.01 %) (Figures 7, 8 and 9).   
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Due to the large variation in abundance including considerable observations of zero 

abundance, which violated statistical assumptions, statistical analysis was focused on four focal 

species. The glochidia of focal species varied temporally both among sample days (561.4 ± 93.3 

glochidia/day; Figure 10) and within days (46.8 ± 2.7 glochidia/chamber; Figures 8 and 9). 

Significant differences in the temporal abundance of glochidia from these species were detected. 

There was a significant effect of time-of-day (i.e., chambers) for the focal species pooled among 

the ten sampling days (F11,414 = 3.20, p < 0.001). The average number of glochidia collected was 

highest at 20:00 h (note all times are reported are ± 1 h of local solar time, LST), corresponding 

to crepuscular into nocturnal diel periods (Figure 8). LST during sampling at Florence, ON was 

roughly 1.5-h ahead of Eastern Standard Time (EST). Significant pairwise differences based on 

Tukey-Kramer adjusted LS means were detected between the peak at 20:00 h and primarily 

diurnal periods at 10:00 h (p = 0.029), 12:00 h (p = 0.003), 14:00 h (p = 0.002), 16:00 h (p = 

0.001), and 18:00 h (p = 0.01). Each of the focal species had relatively high abundances at 20:00 

h, which was the peak for E. triquetra, E. dilatata, and O. ligamentina. C. tuberculata, however, 

had the highest averages at 6:00 h, corresponding to crepuscular into diurnal diel periods (Figure 

9). There was a significant interaction of species and time-of-day (F33,414 = 1.59, p < 0.0228). The 

abundance of E. dilatata was significantly greater than the other focal species regardless of the 

time-of-day. 

Daily differences for the pooled abundance were also noted with the highest numbers of 

glochidia collected at the beginning of the sampling period in late summer. The average number 

of glochidia collected per chamber throughout each sampling day was highest on September 11-

12 (30.3 ± 7.1), and dropped on September 19-20, 2020 (6.9 ± 1.7; Figure 10). A covariance 

parameter test in the GLMM revealed significant variation associated with the random effect of 
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sampling day (ꭓ2
1 = 160.71, p < 0.001). The high glochidia abundances on September 11-12 may 

be partly due to uncertainty in the flow rate of the pump, which was not working between 2:00 

and 6:00 h (i.e., chambers 8, 9, and 10 did not sample water and were considered missing 

values). Some uncertainty in the flow remained until the end of chamber 11. Corrections for 

changes in pump capacity were based on the volumetric flow rates recorded at known times.  

Figure 7. Average abundance and standard deviation of glochidia collected per 2-h sample (n = 
118) on a log-scale. Species are ranked by abundance.  
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Figure 8. Average abundance of glochidia pooled among focal species (i.e., Cyclonaias 

tuberculata, Epioblasma triquetra, Eurynia dilatata, and Ortmanniana ligamentina) over a 24-h 
period. Standard error bars for each time-of-day are displayed. Tukey-Kramer groupings with the 
same letter are not significantly different (α = 0.05) based on the LS means. The horizontal bar 

represents the corresponding diel period (blue = Diurnal, yellow = Crepuscular, and pink = 
Nocturnal).  

Figure 9. Average abundance of glochidia for each focal species at 2-h intervals throughout the 

day. Standard error bars for each time-of-day are displayed. The horizontal bar represents the 
corresponding diel period (blue = Diurnal, yellow = Crepuscular, and pink = Nocturnal). 
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Figure 10. Average abundance of glochidia from focal species (i.e., Cyclonaias tuberculata, 
Epioblasma triquetra, Eurynia dilatata, and Ortmanniana ligamentina) during 2-h intervals for 
each sampling day. Standard error bars for each day are displayed.  

Diel Pattern in Glochidia Abundance 

Analyses of frequency were used to determine the potential diel patterns in glochidia abundance. 

The distributions of glochidia from all species pooled were not uniform among days (ꭓ2
9 = 

1459.13, p < 0.0001) nor time-of-day (ꭓ2
11 = 252.25, p < 0.0001). Statistically significant 

differences (p < 0.05) from uniform distributions among days and time-of-day were revealed for: 

C. tuberculata; E. rangiana; E. triquetra; E. dilatata; O. ligamentina; and P. fasciolaris (Table 

1). Significant differences were also revealed among days for L. costata, and time-of-day for F. 

flava. Limited data was collected from the remaining species, which resulted in the violation of 

the assumption that the expected abundances were  5. The distribution of glochidia did not 

satisfy a random or a clustered distribution among days (ꭓ2
6 = 6150.13, p < 0.0001, and ꭓ2

11 = 

6045.20, p < 0.0001 respectively) and time-of-day (ꭓ2
5 = 6142.93, ꭓ2

4 = 5258.21, p < 0.0001). 

Individual analysis of the focal species revealed that none of the species were randomly 

distributed or clustered among days or time-of-day (Table 1).

Date (2020) 
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Table 1. ꭓ² values (and degrees of freedom) and the associated p value for each species among days and time-of-day. Species with 
limited data and expected abundances less than 5 per cell are still included in the table and denoted by an asterisk (*). The periods 

indicate that the ꭓ² was not run for the specified species and distribution. 

 ꭓ² (DF), p value 

 Day Time-of-Day 

Unionid Species Uniform  

 

Random  

 

Clustered  

 

Uniform  

 

 Random  

 

Clustered  

 

Cyclonaias tuberculata 109.64 (9),  
         < 0.0001 

111.25 (3),  
         < 0.0001 

106.11 (5), 
         < 0.0001 

32.36 (11),  
         0.0007 

103.08 (3),  
         < 0.0001 

102.48 (3), 
         < 0.0001 

Epioblasma rangiana 38.64 (9), 
         < 0.0001 

. . 46.47 (11), 
       < 0.0001* 

. . 

Epioblasma triquetra 63.12 (9), 
         < 0.0001 

160.94 (3),  
      < 0.0001 

178.00 (4), 
         < 0.0001 

47.86 (11), 
         < 0.0001 

155.48 (3),  
         < 0.0001 

155.32 (3), 
         < 0.0001 

Eurynia dilatata 116.32 (9), 

         < 0.0001 

4713.64 (8),        

         < 0.0001 

4708.92 (12), 

         < 0.0001 

135.51 (11), 

         < 0.0001 

4706.43 (8),  

         < 0.0001 

4705.04 (4), 

         < 0.0001 
Fusconais flava 11.74 (9), 

         0.2286 

. . 35.52 (11), 

         < 0.0001 

. . 

Lasmigona costata 45.31 (9),  
         < 0.0001 

. . 37.55 (11), 
       < 0.0001* 

. . 

Ortmanniana ligamentina 274.32 (9),  
         < 0.0001 

563.81 (5), 
         < 0.0001 

562.30 (7), 
         < 0.0001 

177.7 (11),  
         < 0.0001 

562.62 (3),  
         < 0.0001 

558.37 (5), 
         < 0.0001 

Pleurobema sintoxia 26.91 (9),  
         0.0014* 

. . 20.37 (11), 
         < 0.0001 

. . 

Potamilus alatus 19.78 (9), 

         0.0193* 

. . 18.35 (11), 

       < 0.0001* 

. . 

Ptychobranchus fasciolaris 17.55 (9), 

         0.0408 

. . 47.51 (11), 

         < 0.0001 

. . 

Cyclonaias pustolosa 13.00 (9), 
         0.1626* 

. . 21.41 (11), 
         0.0294* 

. . 

Lasmigona complanata 69.61 (9), 
        < 0.0001* 

. . 65.20 (11), 
       < 0.0001* 

. . 
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Lampsilis cardium 10.49 (9), 
         0.3125* 

. . 22.86 (11), 
         0.0185* 

. . 

Ligumia recta 36.26 (9), 
         < 0.0001 

. . 24.59 (11), 
         0.0105* 

. . 

Paetulunio fabalis 18.00 (9), 
         0.0352* 

. . 22.01 (11), 
         0.0243* 

. . 

Pyganodon grandis 13.76 (9), 

         0.1311* 

. . 21.87 (11), 

         0.0254* 

. . 

Strophitus undulatus 18.00 (9), 

         0.0352* 

. . 10.00 (11), 

         0.530* 

. . 
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In contrast to the typical distribution patterns examined above, the analysis of frequency 

revealed that the glochidia of some species were significantly more abundant during certain diel 

activity periods (i.e., diurnal, crepuscular, nocturnal) than expected. Specifically, 8 species had 

significant differences from the hypothesized percentages (i.e., 47 % of species collected), 

however, 1 of these species violated the assumptions of ꭓ2  that the expected abundances were  5 

(Table 2). It is important to note that there was limited data for 6 species (i.e., 35 %) of the 

remaining 9 species (i.e., C. pustulosa; L. complanata; L. recta; P. fabalis; P. grandis; and S. 

undulatus).  

Table 2. ꭓ² goodness-of-fit analysis of glochidia occurrence in the water column during each diel 
period. Positive relative deviations (i.e., [observed frequency – hypothesized frequency] / 

hypothesized frequency) indicate a higher incidence than expected. Significant results are 
presented in bold font. Species with limited data and expected abundances less than 5 are still 
included in the table and denoted by an asterisk (*). 

Species 
Relative Deviation 

𝝌𝟐
𝟐 p value 

Diurnal Crepuscular Nocturnal 

Cyclonaias tuberculata 0.1989 -0.4711 -0.1207     7.01    0.0301 

Epioblasma rangiana -0.2830 -0.07407 0.4577     6.41    0.0405 

Epioblasma triquetra -0.01205 -0.1356 0.06910     0.76    0.6853 

Eurynia dilatata -0.1300 -0.08519 0.2286 131.06 < 0.0001 

Fusconaia flava -0.3511  0.01926 0.5245  17.32    0.0002 

Lampsilis cardium -0.09178 -0.07407 0.1662    0.58    0.7465 

Lasmigona costata -0.008604 -0.451 0.1878    2.14    0.3430 
Ortmanniana ligamentina -0.2568 -0.1881 0.4627   65.82 < 0.0001 

Pleurobema sintoxia -0.4423  0.2348 0.5793  10.79    0.0045 

Potamilus alatus -0.2126  0.01704 0.3149    2.94    0.2297 
Ptychobranchus fasciolaris -0.3881  0.08667 0.5548  13.91     0.0010 

Cyclonaias pustolosa* -1  0.2348 1.4294   7.39    0.0249 

Lasmigona complanata* 0.07075 -0.4074 0.04956   0.65    0.7237 

Ligumia recta* -0.1805  0.7637 -0.02828   2.02     0.3647 
Paetulunio fabalis* 0.9120 -1 -1   1.83    0.4013 
Pyganodon grandis* 0.04302 -0.3267 0.06006   0.37    0.8330 

Strophitus undulatus* 0.9120 -1 -1   1.83     0.4013 
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Species Identification Model Comparison 

Results of the analysis of frequency of the diel patterns of glochidia abundance were relatively 

consistent despite the differences in species identification provided by the three glochidia 

identification models. The statistical results were the same for E. dilatata, F. flava and P. 

sintoxia regardless of the model, and the number of glochidia identified in the latter two species 

did not differ among models (Table 3; see Appendix Table A4 for order of species). The 

statistical results were also the same for the model used and Model 2 (of 8) even though species 

abundance differed between them. The main difference was found in Model 3 for the two SAR 

species, E. rangiana and E. triquetra, the former of which was not significant in Model 3 

whereas the latter species was significantly different from the diel pattern. It remains doubtful 

that either of these species would dominate the glochidia sample given the strong physical link 

between mussel and host fish during glochidia release (i.e., host trapping strategy; Barnhart et al. 

2008). Epioblasma species are long-term brooders, therefore, their glochidia release periods are 

expected to occur in the spring. Assumptions of ꭓ2  that the expected abundances were  5 were 

met for majority of the model outputs (Table 3). 
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Table 3. Comparison of model outputs for semi-circular shaped glochidia (valves and bivalves 
with all 3 measurements of the height, hinge length and length). 
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  Diurnal -0.2784 -0.01893 -0.1520 -0.3512 -0.5109 
Crepuscular -0.1615 -0.1859 -0.07704 0.05852 0.03333 

Nocturnal 0.4851 0.09913 0.2592 0.5099 0.7630 

𝜒2
2 6.62 1.57 249.94 17.26 14.46 

p value 0.0366 0.457 < 0.0001 0.0002 0.0007 

Number of Glochidia 29 109 4241 73 34 

M
o
d

el
 2

 

Diurnal -0.1784 -0.01893 -0.03824 -0.3512 -0.5109 
Crepuscular -0.06370 -0.1859 -0.15630 0.05852 0.03333 

Nocturnal 0.2945 0.09913 0.1169 0.5099 0.7630 

𝜒2
2 265.56 1.57 11.84 17.26 14.46 

p value < 0.0001 0.457 0.0027 0.0002 0.0007 

Number of Glochidia 3514 109 756 73 34 

M
o
d

el
 3

 

Diurnal -0.1981 -0.1350 -0.3218 -0.3512 -0.5109 
Crepuscular 0.1948 -0.08370 -0.06667 0.05852 0.03333 
Nocturnal 0.2227 0.2362 0.5143 0.5099 0.7630 

𝜒2
2 1.32 196.69 75.07 17.26 14.46 

p value 0.5162* < 0.0001 < 0.0001 0.0002 0.0007 
Number of Glochidia 19 4039 321 73 34 

*33 % of cells have expected abundances less than 5, therefore, ꭓ2  results may not be valid. 
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Network Analysis 

Network analysis was used to understand more about the host-parasite relationship of unionids at 

the Florence site in the Sydenham River. Host fishes that are shared among unionids are easily 

identified by the lines (edges) connecting the nodes of unionid and fish species. The highest 

degree centralities (i.e., number of relationships) for unionid mussels were from generalists, 

specifically 27 fish species for S. undulatus and 22 fish species for P. grandis. Conversely, fish 

species with the highest degree centralities were Micropterus salmoides (Largemouth Bass) and 

Pomoxis annularis (White Crappie), which are the reported hosts for 6 mussel species. The diel 

period that mussels target their hosts may be revealed through linking temporal data on periods 

of (1) high glochidia abundance and (2) the reported activity pattern of host fish (Figure 11). It is 

important to note that the diel period(s) in which glochidia had a higher abundance in the water 

column typically aligned with the reported diel activity pattern of one or more of their host fishes 

(Appendix A Table A5). Specifically, 6 species had statistically higher glochidia abundance 

during one or more diel periods that matched their host fishes’ activity period(s), out of a total of 

11 unionid species (i.e., 55 %; Table 2; Figure 11). There were an additional 6 species for which 

the determination could not be made due to insufficient data and a minimum predicted 

abundance of 5 glochidia was not met (i.e., total of 17 species). One exception is the host-

parasite relationship for diurnally abundant C. tuberculata and their catfish hosts, which does not 

support the prediction that the presence of glochidia aligns with the reported diel activity pattern 

of host fish. The host fishes reported for C. tuberculata are primarily active during nocturnal 

periods, however, juvenile Ameiurus natalis may also be active during crepuscular periods 

(Reynolds and Casterlin 1978).  
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Temporal differences in glochidia abundance were revealed among specialist unionids 

that may be in direct competition for shared host fishes. Hosts that are utilized by two or more 

specialist unionids were examined. Peak glochidia abundances differed among days and/or times 

of the day for 9 out of the 11 host fish species examined (Table 4). Among the 9 fish species, 5 

were present during surveys in the Sydenham River in 2020, including: P. caprodes; E. nigrum; 

L. cyanellus; M. salmoides; and P. flavescens (DFO Unpublished). Each of these host fishes are 

shared by two specialist mussel species, with the exception of P. caprodes and P. flavescens, 

which are shared by three specialists. Evidence of allochrony in glochidia abundance is 

supported by non-overlapping peak abundances for the 5 host fishes (Table 4; Appendix A 

Figures A1 and A2). For example, E. rangiana peaked at 20:00 and 22:00 h and does not overlap 

with mussel species that share host fishes (i.e., E. triquetra at 6:00 h, and P. fasciolaris at 00:00 

and 4:00 h). A similar pattern was observed for three host fishes between O. ligamentina and L. 

cardium, which had peak abundances at 20:00 and 22:00 h and 00:00 and 6:00 h, respectively. 

Limited data was collected for C. pustolosa and P. fabalis, therefore, the potential for host 

partitioning of I. punctatus and L. macrochirus could not be determined. 
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Figure 11. Network analysis of 17 mussel species collected and potential host fishes surveyed in the Sydenham River. Mussel-host 
relationships are indicated by the grey line. Highlighted boxes denote the diel period that glochidia had a higher abundance in the 

water column (ovals), and the reported diel activity pattern of host fish (rectangles), i.e., blue = Diurnal, yellow = Crepuscular, and 
pink = Nocturnal diel periods. The black ovals represent mussel species with limited data. Significance of ꭓ2 analyses testing whether 

glochidia abundances are uniformly distributed during the three diel periods are reported. 
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Table 4. Comparison of peak glochidia abundance among days and times of the day for specialists that share host fishes. Reported 
host fishes are marked by “X”. Rows with multiple “X” indicates an overlap in host usage. Host abundances at the Florence site (SR-

05) and among 10 sites along the Sydenham River are listed beside the fish species (DFO Unpublished). “No data” indicates that the 
species was not included in the surveys. Relationships are highlighted where there are abundances for both unionids and hosts.  
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Ameiurus melas (0,0) X . . . . . . X . 

Culaea inconstans (No data) . X X . . . X . . 
Etheostoma nigrum (16,80) . X . . . . X . . 

Ictalurus punctatus (2,10) X . . . . . . X . 
Lepomis cyanellus (0,1) . . . . X X . . . 

Lepomis macrochirus (0,13) . . . . X . . . X 
Micropterus salmoides (3,10) . . . . X X . . . 
Perca flavescens (6,10) . . . X X X . . . 

Percina caprodes (13,97) . X X . . . . . X 
Pomoxis annularis (No data) . . . X X X . . . 

Pomoxis nigromaculatus (0,0) . . . X . X . . . 
1DFO Unpublished 



 

 

48 

 

Environmental Conditions 

Differences in diurnal periods were evident during the month of sampling, as the season changed 

from late summer into fall. Daylight conditions shifted, with diurnal and crepuscular periods 

shortening and nocturnal periods increasing over the sampling period (Figure 12). Specifically, 

the diurnal period was 77 min shorter, the crepuscular period was 13 min shorter, and the 

nocturnal period was 89 min longer on the last day of sampling compared to the first (i.e., 

September 27-28 vs. August 31-September 1, 2020).  

 With the exception of high-flow event that coincided with the second day of sampling on 

September 11-12, the river discharges measured in the Sydenham River were relatively 

consistent throughout the sampling period (i.e., 1.80 ± 0.37 m3/s over the 10 days, range = 1.19 

to 6.39 m3/s, Figure 13). As indicated, discharge peaked on the second day (i.e., 5.03 ± 0.07 

m3/s) and began to level off after the third sampling day (September 15-16) with an average 

discharge of 1.77 m3/s and decreased to < 1.30 m3/s for the remaining half of the sampling days, 

from September 21-28. Water velocities were consistently higher in the centre of the channel 

compared to close to the riverbank where the pump inlet was located. Average water velocities 

among all sampling days were 37.0 ± 1.2 cm/s and 29.26 ± 0.8 cm/s, respectively. The velocity 

near the pump intake was ~ 92 % of the average near the riverbank. The highest velocities 

measured were on the second day of sampling (Figure 13). 

 Variation in water temperatures occurred among sampling days, with an average of 18.2 

± 0.5 ˚C (Figure 13). The highest water temperatures were recorded on August 31-September 1 

(22.8 ˚C ± 0.4) and the lowest water temperatures were recorded mid-way through sampling on 
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September 19-20 (15.7 ˚C ± 0.8) and September 21-22 (15.2 ˚C ± 0.8; Figure 13). Average water 

temperatures were highest in the afternoon at 12:00 h (Figure 14).  

 Incident light penetration in the water column is indicated by the average light extinction 

coefficient (k) among days and within a day (Figures 13 and 14). A high value of k indicates that 

light is attenuated strongly as it penetrates the water column. The Sydenham River was very 

turbid, as visible in Figure 1, which resulted in high k values with a peak on September 11-12 

(55.8 ± 4.5 m-1; Figure 13). Values of k were lowest in the morning, specifically at 10:00 h, and k 

was higher in the afternoon when direct sunlight was reduced (Figure 14). The highest daily 

abundance of glochidia was on September 11-12 when the highest discharge, average velocities 

and light extinction coefficient were recorded. 

 

Figure 12. Diel periods (Diurnal, Crepuscular and Nocturnal) with respect to the local solar time 
from late August to early October, 2020 at the Florence site (SR-05) along the Sydenham River. 

The beginning of a 24-h sampling day is marked with a red “x”. The mid-point on September 14, 
2020 was used to assign diel periods on figures with “Local Solar Time (± 1 h)” on the x-axis. 
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 Figure 13. Environmental parameters recorded among sampling days in the Sydenham River: 
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(A) total glochidia abundance for all species identified each day, and each symbol in (B – C) 
represents the mean (± SE) for (B) water temperature (˚C) based on 2 to 4 recordings with a YSI 

multi-parameter probe, and (C) light extinction coefficient (m-1) calculated from the quantum 
scalar irradiance and based  on 2 to 7 recordings with a QSL Logger2100 quantum scalar sensor, 

and (D) rivers discharge (m3/s) and average velocity (cm/s) recorded at the Florence site among 
sampling days, marked by the red “x”. Velocities were recorded in the centre of the channel 
(blue) and at the inlet of the pump (green).  

   

Figure 14. Environmental parameters recorded throughout the day in the Sydenham River: (A) 
total glochidia abundance for all species identified in each 2-h interval, and each symbol 

represents the mean (± SE) for (B) water temperature (˚C) based on 3 to 8 recordings with a YSI 
multi-parameter probe, and (C) light extinction coefficient (m-1) calculated from the quantum 

scalar irradiance and based on 8 to 13 recordings with a QSL Logger2100 quantum scalar sensor.  
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DISCUSSION 

The early life-history of freshwater mussels involves a vulnerable parasitic larval stage that is 

tightly linked to the host fish species (Barnhart et al. 2008). Unfortunately, there is little 

information about the temporal dynamics of the glochidia release process before attachment on a 

host fish, specifically when glochidia are released and present in the water column. It appears 

that peaks of high glochidia abundance coincide with the diel activity pattern of their host fishes 

to maximize encounters with host fishes. The peaks of glochidia abundance, however, occur at 

different times during those diel periods in a way that appears to minimize competition. It was 

hypothesized that glochidia from different co-occurring species are released at different times to 

minimize potential competition for host fish, i.e., a form of resource partitioning (Rashleigh and 

DeAngelis 2007). Results from the present study support this hypothesis because glochidia of 

different species were not uniform, random, nor clustered in their temporal distribution in the 

water column. Rather, glochidia were most abundant during the nocturnal diel period between 

20:00 to 4:00 h. Significant temporal differences in glochidia abundance in the water column 

among the three diel periods was observed for some unionid species, including: C. tuberculata; 

E. rangiana; E. dilatata; F. flava; O. ligamentina; P. sintoxia; and P. fasciolaris. Allochrony of 

peak glochidia abundances among species was evident, particularly at night. The presence of 

glochidia typically coincided with the reported diel activity pattern of one or more host fish (i.e., 

a statistically higher glochidia abundance during host diel activity patterns was observed in 6 

unionid species; Table 2; Figure 11). Given the dense aggregations of unionids in a multispecies 

mussel bed and the overlapping host fish usage, these results indicate that unionids employ 

mechanisms to minimize competition for host fishes. This ultimately increases the chances of 
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successful parasitism (Haag and Warren 2000; Gascho Landis et al. 2012). Resource partitioning 

is a likely explanation given the diel allochrony in the abundance of glochidia among unionids, 

which targets host fishes at different times. It is also relevant that this is, to the best of my 

knowledge, the first study to continuously sample glochidia over a 24-h period and throughout 

the nighttime. For example, Jirka and Neves (1992) conducted mid-day sampling biweekly, but 

that sampling intensity would only be able to detect weekly differences. Sampling intensity is 

critical to determine the hourly/diel patterns revealed in this study.  

Glochidia Abundance and Host Fish  

The temporal scale of glochidia abundance is an important consideration for understanding the 

early life-history and reproductive biology of unionid mussels (Jirka and Neves 1992). 

Significant variation in the abundance of glochidia collected was observed among days and times 

within days in this study. Increases in glochidia abundance during the dusk period and decreases 

during dawn period were observed (Figure 6), which may indicate a light-mediated 

cue/mechanism and is opposite to what is reported by Gascho Landis et al. (2012). For species 

with large glochidia abundances, the average abundance of glochidia of C. tuberculata, E. 

triquetra, E. dilatata, and O. ligamentina (the focal species) peaked at 20:00 h and remained 

high throughout the night (Figure 8). The lowest abundance of glochidia were during the daytime 

hours, and significant pairwise differences were found between the crepuscular/nocturnal peak at 

20:00 h and time intervals between 10:00 h to 18:00 h. This indicates that glochidia of these 

species were released and present in the water column in greater abundance during the dusk 

crepuscular period and the nocturnal period, perhaps to avoid daylight predation. Similar 
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temporal variation was evident using the pooled data from all species, but this was likely driven 

by the high abundance of E. dilatata.   

The majority of the unionid species sampled had higher abundances of glochidia during 

one or more diel periods (Table 2). There were five species that were consistent with daylight 

conditions (E. triquetra; L. cardium; L. costata; and P. alatus), however, only C. tuberculata had 

a higher abundance in the diurnal activity period. Conversely, six species were more abundant 

during nocturnal activity periods (E. rangiana; O. ligamentina; E. dilatata; F. flava; P. 

fasciolaris; and P. sintoxia), the latter three also had a higher abundance during the crepuscular 

activity period. The timing of glochidia presence in the water column is critical for the chance to 

encounter potential host fish (Zale and Neves 1982b) and so strategies to increase encounters 

with potential host fish are expected. With the exception of C. tuberculata, higher abundances of 

glochidia in the water column aligned with the reported diel activity pattern of one or more host 

fish (Figure 11; Appendix A Table A5). The higher glochidial abundance of C. tuberculata 

during diurnal periods suggests there is a mismatch in diel periods between the host and parasite, 

or knowledge on host fishes is lacking. Due to the mantle magazine host infection strategy 

employed by C. tuberculata, it is possible that glochidial release was triggered upon contact by 

an unsuitable or unreported host fish that is diurnally active. Differences in host infection and 

glochidial release strategies must be taken into consideration for expectations of the abundance 

and timing that glochidia are present in the water column. 

Host Infection Strategy 

Aspects of mussel biology are important to consider with regards to glochidia sampling. The 

glochidial release strategy utilized among the 17 unionid species differed, which can result in 
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different concentrations of glochidia in the stream drift (Neves and Widlak 1988; Culp et al. 

2011). Generalist unionid mussels (e.g., E. dilatata and O. ligamentina) typically broadcast 

glochidia in the water column and lack adaptations towards specific host fishes (Barnhart et al. 

2008; Haag 2012). To account for the lack of specificity, brood sizes of broadcasting mussels 

may be higher compared to more specialized strategies (e.g., those that produce conglutinates, 

i.e., P. fasciolaris; Barnhart et al. 2008). Thus, it is reasonable to expect a higher abundance of 

generalists in the water column compared to specialists. This certainly appears to be the case for 

the two most abundant species of glochidia collected that are generalists to some extent: E. 

dilatata, which uses passive entanglement with larval threads to encounter host fish; and O. 

ligamentina, which broadcasts free glochidia to infest host fish (Barnhart et al. 2008; Haag 

2012). These species were also among the highest adult abundances at the Sydenham River 

Florence site, with 168 and 182 mussels, respectively (Dr. Todd Morris DFO pers. comm.; 

Appendix A Table A2). It should be noted that if another semi-circular glochidia identification 

model was utilized, the dominant species would be a specialist species with a high degree of host 

selectivity (i.e., E. rangiana or E. triquetra).  

The species assemblage at a particular site is dominated by specialists because 80 % of 

unionid species are specialists that may only parasitize a few fish species (Haag and Warren 

1997; Haag 2012). Specifically, the proportion of specialists at the Florence site is also high (i.e., 

71 % of the 24 species at the site and 76 % of 17 species collected; Appendix A Table A2). The 

strategies of specialist species are highly selective and likely evolved from broadcast release. 

These refined strategies can involve mimicry and/or direct contact between the host fish and the 

mantle tissue of the gravid female. The cryptic mantle lure of E. triquetra and E. rangiana are 
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examples of this strategy, which involves the mussel trapping the fish between its valves on 

contact and expelling glochidia (Barnhart et al. 2008). In other species such as L. recta, fish 

attack the female’s large mantle lures and glochidia are released (Barnhart et al. 2008). In 

contrast, mantle magazines do not retract if touched, leading to touch-mediated glochidial release 

in C. tuberculata (Barnhart et al. 2008; Haag 2012). It is likely that these more specialized 

mussels require fewer glochidia because of the tighter spatial coupling between gravid female 

mussels and host fish. This was the case for two species exhibiting host selectivity; both E. 

triquetra and C. tuberculata, whose glochidia were collected in lower abundance despite the fact 

that adult abundance was high at the Florence site (98 and 251 mussels, respectively; Dr. Todd 

Morris DFO pers. comm.; Appendix A Table A2). It is also important to note that the ratio of 

adult males to females for all species is not well known, however, McNichols (2007) reported a 

greater skew towards male E. rangiana (1.5 male:1 female) and E. triquetra (2.5:1) in the 

Sydenham River. Sex ratios that favour males will result in a lower number of potentially gravid 

females present regardless of female fecundity. 

Competition and Host Partitioning 

As indicated above, temporal differences in glochidia abundance in the water column among 

species may be a mechanism to reduce potential competition for host fish. Evidence in support of 

temporal partitioning may be found in the different lure colouration and diel rhythms observed 

between two competing Villosa species, which target a shared host fish at opposing times (i.e., 

diurnal and nocturnal periods; Haag and Warren 2000). Temporal differences related to light 

intensities have also been noted in the mantle flapping behaviour of Lampsilis species, which 

attracts their hosts at different times of the day (Kraemer 1970). Results from the present study 
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indicate that glochidia of different specialist species that share host fishes exhibit diel allochrony 

in the water column, as observed among five fish species surveyed in the Sydenham River (Table 

4). This suggests that diel activity pattern of host fish was the important factor in the allochrony 

of glochidia abundance among species. Specialist species may be displaying lures, whereas 

generalist species may be broadcasting glochidia when host fishes are present. 

Competition may be stronger when two or more specialist unionids share a host fish. Of 

the reported host fish species surveyed in the Sydenham River, only 11 out of 43, or 26 %, of 

hosts are utilized by two or more specialist mussel species collected (Appendix Table A5). 

Analysis of the timing of peak glochidia abundance among specialists that share hosts revealed 

that there are temporal differences within and among days (Table 4). For example, in the case of, 

P. caprodes described earlier, E. triquetra had a peak abundance at 6:00 h (i.e., dawn crepuscular 

into diurnal period), whereas E. rangiana had peak abundances at 20:00 h and 22:00 h (i.e., dusk 

crepuscular and nocturnal periods, respectively. Both mussel species have peak abundances 

during crepuscular periods, but these occur at different times of day. It was not possible to assess 

P. fabalis and S. undulatus, which reportedly use P. caprodes as a host fish, because there were 

limited data available. These results, however, may indicate that P. fabalis and S. undulatus 

target their diurnally active host fishes during the day. Similar evidence of temporal segregation 

in glochidia abundance was observed between O. ligamentina and L. cardium for their shared 

host fishes: Lepomis cyanellus (Green Sunfish); Micropterus salmoides (Largemouth Bass); 

Perca flavescens (Yellow Perch); and Pomoxis annularis (White Crappie) (Table 4). Peak 

glochidia abundances did not overlap between O. ligamentina (20:00 h and 22:00 h) and L. 

cardium (00:00 h and 6:00 h). It is unclear whether temporal partitioning may occur for Pomoxis 
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nigromaculatus (Black Crappie), where O. ligamentina and E. dilatata are present at higher 

abundances around the same time. Fish surveys in the Sydenham River did not collect any P. 

nigromaculatus in 2020 (DFO Unpublished), which may indicate that O. ligamentina and E. 

dilatata are infecting other host fishes. The intensity of competition is influenced by the 

abundance of host fish (Rashleigh and DeAngelis 2007). Examination of the abundance data at 

the Sydenham River Florence site and at a total of ten sites along the Sydenham River indicates 

that the abundance of some fish species may be low (Table 4 and Appendix Table A5). 

Consequently, temporal partitioning to exploit the limited host resource at different times is 

expected to reduce competition for the remaining host species (Tran and Ackerman 2019). 

The availability and quality of host fish influences the chances of successful parasitism 

and drives competition among unionids. Higher host fish abundance allows poorer mussel 

competitors to survive, who are less effective at attracting and/or infecting shared hosts 

(Rashleigh 2008). However, where certain host fish are limited , mussels may be forced to 

parasitize lower quality hosts (McNichols et al. 2011). In addition, competition for space on the 

gills of the host can occur. There is a clear discrepancy in brood sizes, from hundreds to upwards 

of ten million glochidia (Haag 2012), and low number of infested glochidia (i.e., ten glochidia) 

are often present on fish in the wild (Neves and Widlak 1988). This can reduce the availability of 

attachment sites on a host for subsequent infections. Of the 17 unionid species collected, the 13 

specialists collected lack hooks and the 4 generalists collected contain hooks. This 

morphological feature allows glochidia to attach onto the gills and external tissue of fish, 

therefore, increasing the area of attachment for parasitism (Haag 2012). For the 13 specialists, 

there may be both intraspecific and interspecific competition for space on the gill surface. Little 
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is known about the number of unionid species that can parasitize a host fish at a given time, and 

such limitations can add to the challenge of subsequent glochidial infestations. Host fish tend to 

have decreased activity levels when carrying high glochidia loads, ranging from 91 – 210 

glochidia per 55 mm long fish (Horký et al. 2014). As a result, highly infected fish may be less 

likely to attack lure displays of specialist mussels for subsequent infestations. For unionids that 

rely on passive encounters with host fish, the chance of encounters may be reduced. Glochidia 

that manage to encyst on a previously infected host may face rejection by the host fish’s immune 

system (Haag 2012; Haag and Stoeckel 2015). Acquired immunity may be heightened due to the 

age of the fish, multiple infestations and/or several high glochidial infection loads (Bauer 1988; 

Rogers and Dimock Jr. 2003; Haag and Stoeckel 2015). Metamorphosis on hosts of species that 

release earlier in the spring and summer may induce acquired immunity before the late releasers. 

This may increase competition for host fishes among unionids in the late summer/fall period. 

The impact of invasive species on native taxa can have negative effects on unionids and 

intensify competition (Poos et al. 2010). The decline of fish that have overlapping niches or are 

directly preyed on by the invasive N. melanostomus, for example, imposes further strains on the 

availability of hosts to unionids. This is exacerbated by the observation that many unionids may 

infest N. melanostomus, but metamorphosis rates were lower than those of low-quality hosts. 

This suggests that N. melanostomus may serve as a sink for glochidia, especially as the fish 

increases in abundance, thus leading to reproductive failure in unionids (Tremblay et al. 2016). 

Although there are no reports of N. melanostomus at the Sydenham River Florence site, the 

species is largely present at other sites (DFO Unpublished; Appendix A Table A5). This 
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reinforces the critical nature of glochidial release timing and presence in the water column to 

increase their chances of successful parasitism.  

Phenology 

Glochidia were collected in higher abundance near the beginning of the study compared to the 

end. The total abundance of glochidia declined after September 16-17, 2020 and remained 

relatively low (Figure 10). There was a significant amount of variation in the abundance of 

glochidia associated with the sampling day, which may be attributed to seasonality. Among the 

four weeks of sampling, the season spanned from late summer into early fall. Thus, this study 

excluded species that were active earlier in the season (i.e., spring and summer). Since no 

glochidia of A. plicata were collected, it is likely that glochidial release occurred prior to the 

sampling period undertaken in this study. The fall season is towards the end of the gravidity and 

glochidial release periods for many unionid species, where gravid female mussels prepare to 

overwinter their glochidia in the marsupia (Watters and O’Dee 2000). For some species, such as 

L. cardium, P. alatus, and P. grandis, glochidia may be released to overwinter on their host 

(Watters and O’Dee 1999; Watters et al. 2009).  

There are a number of other factors that may underly the longer-term temporal difference 

in abundance in the study. The timing of sampling in late summer to early fall was relatively 

short and included one reach of the Sydenham River. Due to circumstances related to the 

COVID-19 pandemic, the spring and summer, which are periods when unionids are gravid, could 

not be sampled in 2020. Whereas the sampling location was consistent among the ten sampling 

days, comparisons to other reaches or other locations in the same reach were not undertaken. 

Consequently, the results of this study are specific to the Sydenham River, and it reasonable to 
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assert that there may be spatial differences with other locations given differences in mussel 

community structure among geographic locations (i.e., watersheds) (Watters and O’Dee 2000). 

At a finer spatial scale, the location of gravid females relative to the sampling pump may have 

influenced the sample. For example, there is a greater chance of collecting glochidia from 

mussels directly upstream compared to mussels on the other side of the river. In addition, the size 

of the mesh used in the sampling chamber (100 μm) was likely inefficient in retaining the 

smaller glochidia of some species (i.e., P. fragilis and Q. Quadrula). 

Effects of Environmental Conditions 

Discharge (m3/s) and velocity (cm/s) directly influences the dispersal and potential for re-

suspension of glochidia in the water column (Schwalb et al. 2010; Gordon et al. 2004; Koch et 

al. 2006). The highest discharge and velocities were recorded on September 11-12, 2020 and 

likely contributed to the high abundance of glochidia collected on this sampling day. Discharge 

peaked at 15.7 m3/s on September 8, leading to the high average discharge of 5.03 m3/s on 

September 11-12. Given that the discharge was, on average, 3.62 times higher than the discharge 

on the remaining sampling days, increased turbulence could have re-suspended glochidia that 

settled on the riverbed, introducing them back into the water column (Koch et al. 2006). In 

addition, higher flows could have increased the distance that glochidia may be transported in the 

water column (Schwalb et al. 2012; Ries et al. 2016). The dispersal distance of host fish could 

also have increased during high flow events, and there is potential for the discharge to wash or 

displace small benthic fish downstream (Schwalb et al. 2010). Consequently, high-flow events 

also have the advantage of increasing the chance for glochidia to encounter host fish. In contrast, 
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low-flow events are ideal for improving the fertilization success of unionid mussels (Ries et al. 

2016).  

In addition to the high discharge and velocity, the light extinction coefficient was highest 

on September 11-12 (Figure 13). Incident light penetration was consequently lowest on this day. 

Throughout a given day, the average light extinction coefficient was lowest mid-day and 

increased towards the evening (Figure 14). This quantifies the differences in light conditions 

among diel periods, specifically, a reduction in light penetration in the water column as the dusk 

crepuscular period approached. It is not surprising that the light extinction coefficients during 

sampling were high due to the high turbidity in the Sydenham River with total suspended solids 

(TSS) of ~ 95 mg/L (Tuttle-Raycraft and Ackerman 2018). Given the finding that the abundance 

of glochidia is higher during crepuscular and nocturnal periods, intensification of low-light 

conditions may initiate more cues for host attraction and glochidial release. 

 Unionids use water temperature as a cue to initiate reproductive behaviour, including 

spawning, glochidial development and release, and survival (Gascho Landis et al. 2012; Zale and 

Neves 1982a). The water temperature dependence of glochidia release could influence glochidia 

abundance (Watters and O’Dee 2000), especially at low water temperature (~  15 ˚C) when 

release is delayed (Gascho Landis et al. 2012; Hastie and Young 2003; Schneider et al. 2018). 

There was variation in water temperatures recorded during sampling and the lowest water 

temperatures were recorded on September 19-20 (15.7 ˚C ± 1.5), which coincided with a > 50% 

reduction in the abundance of glochidia (i.e., from 818 to 392 glochidia on September 16-17 to 

September 19-20). Thus, water temperature may be another contributing factor to the diversity 

and timing of species collected that is beyond the scope of this study. 
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Implications for Unionid Conservation 

This study revealed that the glochidia of different species are not uniform in their abundance at 

any given time of day. Rather, glochidia abundance is somewhat allochronic, matching a pattern 

that minimizes the overlap of unionid species that use the same host fish species. Prior to this 

study, little was known about the occurrence and abundance of glochidia at fine temporal scales, 

i.e., < weekly. This is unfortunate because the glochidia life stage is extremely vulnerable after 

release, and factors affecting successful reproduction are critical to the conservation of unionids 

(Barnhart et al. 2008). Given that the highest abundance of glochidia occurred during crepuscular 

and nocturnal periods, the focus of precautionary measures should be at these times. Moreover, 

the diversity determined in this single site indicates that diurnal periods are important to some 

species. Anthropogenic disturbances within and around rivers containing mussel beds have 

deleterious effects that include agricultural run-off, chemical pollution, sediment loading, flow-

regime alterations, and/or land-use changes that ultimately influence unionid habitat (Bauer 

1988; Gordon et al. 2004; Haag 2012; Shea et al. 2013). Urbanization and activities near mussel 

beds that involve light may alter natural diel cyclic patterns, and interfere with mantle displays 

and the timing of glochidia release (Gascho Landis et al. 2012). Thus, extra caution to reduce 

disturbances including the use of flood lights should be taken during low-light conditions at 

crepuscular and nocturnal periods (Reebs 2002; Gascho Landis et al. 2012).  

Understanding the host-parasite relationship with host fish is critical for unionid early life-

history. Consequently, both unionid mussels and their host fish must be considered for 

conservation (McNichols et al. 2011; Vaughn 2012). Moreover, McNichols et al. (2011) 

identified that the quality of host fishes in terms of infestation and metamorphosis of juvenile 
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mussel is not equal. When primary high-quality hosts are removed, unionids are forced to 

parasitize marginal hosts, which can lower their recruitment. As a result, the protection of all 

host fish must be considered. 

CONCLUSION 

This study investigated the abundance of glochidia in the stream drift and examined the potential 

for unionid partitioning of their host environment. Peak glochidia abundances were linked to the 

reported diel activity pattern of host fishes. It was hypothesized that there is differential timing of 

glochidia release to allow unionids to partition their hosts and minimize competition. Evidence 

of potential partitioning was revealed, and unionids with overlapping host usage had high 

glochidia abundance at different times. Glochidia abundance was highest during low-light 

conditions at crepuscular and nocturnal periods. The innovative methodology used in this study 

provides valuable information that advances current research on the reproductive timing of 

glochidia.  

 Given the diverse assemblage of unionids at the Sydenham River Florence site, it is of 

great interest to understand how species competing for the same resources are able to co-exist. 

Unionids use a diverse range of strategies throughout their reproductive stages for different 

targets. These results show the complexity of unionid early life-history and the host-parasite 

relationship. Understanding more about the vulnerable glochidia stage has important 

implications for the recovery, conservation and management of unionids. Future studies should 

focus on sampling in the spring and summer. Additionally, the concept of niche partitioning can 
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be expanded by sampling the gill tissue of potential host fishes after completion of a 24-h 

glochidia sampling cycle. 
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APPENDIX A 

Species Data 

Table A1. Gravidity periods for 16 unionid mussel species observed by the Ackerman Laboratory since 2004. Modifications were 
made to the Ackerman Laboratory table. Species listed in bold are present at the Sydenham River Florence site, and the colour of each 

line corresponds to the diel activity pattern of host fish, where: blue = Diurnal, yellow = Crepuscular, and pink = Nocturnal. The 
length of suspected gravidity periods is indicated by “?”. 

 

  

Mussel Gravidity Periods (species observed in a gravid state) May June July August September October River

Epioblasma rangiana Sydenham

Epioblasma triquetra Sydenham

Eurynia dilatata Sydenham, Grand

Lasmigona costata Sydenham, Ausable

Lampsilis fasciola Grand, Thames

Lampsilis silisquoidea Sydenham, Cox Creek, South Thames

Ligumia nasuta Lyn Creek (Brockville), Cedar Creek (Lake Erie)

Ligumia recta Sydenham

Obovaria subrotunda Sydenham, Lake St. Clair

Ortmanniana ligamentina Sydenham, Grand, Thames

Paetulunio fabalis Sydenham, Maitland

Pleurobema sintoxia Sydenham

Potamilus alatus Sydenham

Ptychobranchus fasciolaris Sydenham

Quadrula quadrula Sydenham

Villosa iris Sydenham

 --? = Suspected

     ---------------------?

                     ------------------------------

                      ------- ------ ------

                   ------- ---- ----

  ---------------

------------------------------------------------------------------------

  ------ ------ -------                        ---------- ----------- ---------

                     ----------- ---------- ----

                 -------- ------

              --------------- ------------ -------------

                       ----------------- ----------------

  --------------

     ---------- ------- ----?

                     ------------------------------------------

                    ------

  ---------------
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Table A2. Freshwater mussel species present at the Sydenham River Florence site (SR-05) and their reproductive characteristics. 
Species listed in bold have reported gravidity and glochidial release periods that align with the late summer to early fall sampling 

timeframe, with the potential to be collected. 

Freshwater 

Mussel Species 

Common 

Name 

SARA 

Status 

Generalist/ 

Specialist 

(Haag 

2012) 

Brooding 

Pattern 

Gravidity Period Glochidial 

Release 

Period 

Adult 

Abundance 

at SR-05 

(Dr. Todd 

Morris 

DFO pers. 

comm.) 

Alasmidonta 

marginata 

Elktoe Common Generalist Bradytictic August-September1; 

July2; September3 

May-June3 33 

Amblema 

plicata 

Threeridge Common Generalist Tachytictic May-July2; June-

July/August3 

July/August3; 

June to mid-
August for 
Ambleminae 

species5 

115 

Anodontoides 

ferussacianus 

Cylindrical 

Papershell 

Common Generalist Bradytictic September-May3  1 

Cyclonaias 

pustolosa  

Pimpleback Common Specialist Tachytictic Mid-May-late 
August2; May-July3 

Late August3 9 

Cyclonaias 

tuberculata 

Purple 
Wartyback 

Common Specialist Tachytictic Late May-mid-
August2; May-late 
August3 

March-June, 
but few 
found4 

251 

Epioblasma 

rangiana  

Northern 
Riffleshell 

Endangered Specialist Bradytictic August-October1; 
Late summer-spring2; 

September-June3 

 180 

Epioblasma 

triquetra  

Snuffbox Endangered Specialist Bradytictic August-October1; 
September-May2; 

 98 



 

 

76 

 

Mid-September-
April/May3 

Eurynia dilatata  Spike Common Specialist 
(may be a 

generalist to 
some 
extent) 

Tachytictic May-July1; May-
August2; August-

September, 
Novemeber3 

August-
September, 

and late April-
early 
September the 

following 
year4; August-

September 
and again in 
November6 

168 

Fusconaia 

flava** 

Wabash 
Pigtoe 

Common Specialist Tachytictic Spring-summer2; 
June-August3 

 64 

Lampsilis 

cardium  

Plain 
Pocketbook 

Common Specialist Bradytictic May-June, 
September-October1; 
Late July-early July2; 

July-October,May-
July (two broods 

possible), or 
July/August-April; 
Mid-September-

April/May3 

April-May, or 
in the fall of 
the same year 

for host 
overwintering 

glochidia3 

3 

Lasmigona 

complanata  

White 

Heelsplitter 

Common Generalist Bradytictic August-May2; 

September-May3 

 18 

Lasmigona 

costata  

Flutedshell Common Generalist Bradytictic August-September1; 
Early August-mid-

May2; August-May3 

 408 

Ligumia recta  Black 

Sandshell 

Common Specialist Bradytictic June-August1; 

June/August-

Late July3 17 
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following summer2; 
September-July3 

Ortmanniana 
ligamentina 

Mucket Common Specialist 
(may be a 

generalist to 
some 
extent) 

Bradytictic May, August-
September1; August-

May2; September-
following May to 
August3 

May-August3; 
late march-

May4 

182 

Paetulunio 

fabalis  

Rayed Bean Endangered Specialist Bradytictic June-August1; May2,3  38 

Pleurobema 

sintoxia  

Round 
Pigtoe 

Endangered Specialist Tachytictic May-June1; May-late 
July3 

June/July3 10 

Potamilus 

alatus  

Pink 

Heelsplitter 

Common Specialist Bradytictic August-September1; 

August-July2; June-
October, and May-

July, believed to 
breed year-round3 

Displays in 

spring and 
autumn7 

13 

Potamilus 

fragilis* 

Fragile 

Papershell 

Common Specialist Bradytictic August-July2; 

September-July3 

September-

November3 

29 

Ptychobranchus 

fasciolaris  

Kidneyshell Endangered Specialist Bradytictic Mid-August-

October1; Early 
August-late June2; 
September3 

June-August 

(Pennsylvania
), April-May 
(Ohio)3 

69 

Pyganodon 

grandis  

Giant 
Floater 

Common Generalist Bradytictic August-July2; 
August-May3 

October-
February for 

host-
overwintering 
glochidia3 

3 

Quadrula 
quadrula* 

Mapleleaf Special 
Concern 

Specialist Tachytictic May-July, early 
August1; late spring-

summer2; July-
August3 

 21 
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Simpsonaias 
ambigua  

Salamander 
Mussel 

Common Specialist Bradytictic Limited data, but 
infected mudpuppies 

(host) found in 
October and April, 

metamorphosis 
occurs in the spring3 

 1 

Strophitus 

undulatus  

Creeper Common Generalist Bradytictic July-May2,3 April3 39 

Truncilla 

truncata* 

Deertoe Common Specialist Tachytictic May-August2; April-

July3 

 1 

Note: * Too small for capture in 100 µm mesh, greatest length smaller than 100 µm. ** Marginally too small, mean length close to 
mesh diagonal length of 144 µm. 

1Ackerman Laboratory, Glochidia Atlas of Ontario 
2Clarke 1981 
3Watters et al. 2009 
4Jirka and Neves 1992 
5Neves and Widlak 1988 
6Watters and O’Dee 2000 
7Seitman et al. 2018 
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Table A3. Glochidia morphometric and identification criteria for potential unionid species collected. Shape categorizations, mean 
Height (H), Hinge Length (HL), and Length (L) with the standard deviation are displayed. Minimum to maximum ranges utilized in 

species identification are listed. 

Freshwater 

Mussel Species 

Shape 

Categorization 

Mean 

H (SD) 

Mean 

HL (SD) 

Mean 

L (SD) 

Min. H 

(- 2 SD) 

Max. H 

(+ 2 

SD) 

Min. 

HL (- 2 

SD) 

Max. 

HL (+ 2 

SD) 

Min. L 

(- 2 

SD) 

Max. L 

(+ 2 

SD) 

Amblema plicata2 Semi-circular 221.22 
(9.69) 

136.96 
(11.74) 

209.29 
(8.15) 

201.84 240.60 113.48 160.44 192.99 225.59 

Cyclonaias 
pustolosa2  

Elliptical 276.36 
(9.56) 

90.93 
(3.93) 

218.43 
(8.79) 

257.24 295.48 83.07 98.79 200.85 236.01 

Cyclonaias 

tuberculata2 

Elliptical 325.05 

(9.47) 

123.88 

(5.23) 

264.35 

(5.38) 

306.11 343.99 113.42 134.34 253.59 275.11 

Epioblasma 

rangiana1  

Semi-circular 208.38 

(16.85) 

161.39 

(21.96) 

224.83 

(19.72) 

174.68 242.07 117.47 205.31 185.39 264.27 

Epioblasma 
triquetra1  

Semi-circular 188.89 
(12.74) 

127.58 
(13.06) 

190.11 
(10.03) 

163.40 214.38 101.47 153.70 170.06 210.16 

Eurynia dilatata1  Semi-circular 204.25 
(10.02) 

131.51 
(11.55) 

192.09 
(13.47) 

184.21 224.28 108.41 154.60 165.14 219.03 

Fusconaia flava3 

** 
Semi-circular 150 (5) - 150 (5) 140 160 - - 140 160 

Lampsilis 

cardium1  

Elliptical 236.90 

(8.67) 

99.63 

(8.92) 

192.27 

(16.38) 

219.56 254.23 81.79 117.47 159.51 225.03 

Lasmigona 
complanata2  

Triangular 300.17 
(7.08) 

201.00 
(5.10) 

292.83 
(2.79) 

286.01 314.33 190.80 211.20 287.25 298.41 

Lasmigona 
costata4  

Triangular 383.36 
(13.83) 

250.06 
(10.91) 

348.99 
(12.30) 

355.70 411.02 228.24 271.88 324.39 373.59 

Ligumia recta1  Elliptical 241.73 
(14.81) 

102.36 
(7.76) 

197.17 
(12.22) 

212.12 271.34 86.84 117.87 172.73 221.62 

Ortmanniana 

ligamentina1 

Elliptical 216.68 

(12.59) 

108.93 

(9.66) 

187.34 

(11.20) 

191.50 241.87 89.61 128.24 164.95 209.74 
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Paetulunio 
fabalis1  

Elliptical 147.47 
(18.86) 

73.85 
(6.39) 

137.44 
(8.50) 

109.75 185.20 61.07 86.63 120.45 154.43 

Pleurobema 

sintoxia2  

Semi-circular 154.92 

(7.13) 

119.81 

(7.67) 

159.76 

(5.99) 

140.66 169.18 104.47 135.15 147.78 171.74 

Potamilus alatus1  Axe 365.09 107.00 215.83 - - - - - - 

Ptychobranchus 
fasciolaris1  

Elliptical 181.25 
(15.41) 

78.57 
(6.84) 

158.49 
(12.94) 

150.44 212.07 64.89 92.25 132.61 184.37 

Pyganodon 

grandis4  

Triangular 369.46 

(14.62) 

257.51 

(22.60) 

359.15 

(14.48) 

340.22 398.70 212.31 302.71 330.19 388.11 

Strophitus 

undulatus4  

Triangular 305.43 

(13.32) 

294.91 

(17.10) 

366.77 

(20.69) 

278.79 332.07 260.71 329.11 325.39 408.15 

1Ackerman Laboratory, Glochidia Atlas of Ontario 
2Tremblay et al. 2015 
3Watters et al. 2009 
4Dr. Todd Morris DFO pers. comm. 
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Table A4. Output of identification models by shape categorization. Primary and secondary species are indicated. The number of 
glochidia presented for each species does not include broken valves. 

 Semi-Circular Elliptical Triangular 

Model  E
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 d
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b
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 p
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F
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S
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u
n
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u
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s 

(C
R

),
 2

˚ 

1 3983 27 104 72 0 26 321 31 3 22 11 41 1 5 33 14 1 
2 695 3315 104 72 0 26 321 31 1 0 35 41 1 5 13 34 1 

3 309 18 3787 72 0 26 321 31 1 0 35 36 6 5 33 14 1 
4 3 3315 796 72 0 26 105 31 1 0 251 41 1 5 33 14 1 

5 3 324 3787 72 0 26 320 31 1 0 35 42 1     

6 3983 27 104 72 0 26 187 31 1 156 13 41 1     
7 694 1639 103 13 1677 86 321 31 3 0 33 41 1     
8 3983 18 113 72 0 26 321 31 1 0 35 41 1     

 

 

 

 

 

 

 

 Order of Species by Shape Categorization 

Semi-Circular Elliptical Triangular 

1 SP-WP-NR-SB-TR-RP PW-PB-MT-PP-KS-RB-BS FS-GF-CR-WH 

2 NR-SP-SN-WP-TR-RP PW-MT-KS-RB-BS-PB-PP GF-FS-CR-WH 
3 SB-SP-NR-WP-TR-RP PW-MT-RB-KS-BS-PB-PP FS-GF-WH-CR 
4 NR-SB-SP-WP-TR-RP PW-BS-MT-KS-RB-PB-PP WH-FS-GF-CR 

5 SB-NR-SP-WP-TR-RP PW-KS-MT-RB-BS-PB-PP  
6 SP-NR-SB-WP-TR-RP PW-PP-MT-KS-RB-BS-PB  

7 TR-RP- SP-WP-NR-SB PW-PB-MT-KS-RB-BS-PP  
8 SP-SB-NR-WP-TR-RP PW-MT-BS-PP-PB-KS-RB  
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Table A5. Fish species present in the Sydenham River (SR) and their diel activity pattern(s), adapted from Schwalb et al. (2011). 
Abundances of hosts surveyed at the Sydenham River Florence site (SR-05) and at 10 sites along the Sydenham River are provided 

(DFO Unpublished). Fish reported as historic to the Sydenham River are marked by “#”. Highlights indicate the diel periods, where: 
blue = Diurnal, yellow = Crepuscular, and pink = Nocturnal. Reported hosts for the 17 unionid mussel species collected are marked by 

“X”. Unionids that had a significantly higher occurrence (p < 0.05) during one or more diel periods are marked by “*”. 
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L

 S
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E
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Ambloplites rupestris  5 105 Diurnal
1.2

  X             X  X  3 

Ameiurus melas  0 0 Nocturnal
3
  X             X X  3 

Ameiurus natalis  0 1 Adults Nocturnal, juveniles Crepuscular
4
  X              X  2 

Ameiurus nebulosus  
0 0 Nocturnal

2
  

              X   
1 

Aplodinotus grunniens 0 1 Nocturnal5  
           X      1 

#Campostoma anomalum NR NR Primarily Crepuscular, Nocturnal and Diurnal possible
1
  X        X  X   X  X  5 

Carassius auratus  NR NR  Nocturnal
5
          X     X    2 

Catostomus commersoni  1 5                   0 

Cottus bairdi  NR NR  Nocturnal
6
     X              1 

Cottus cognates  NR NR                   0 

Culaea inconstans  NR NR Diurnal7     X X        X X  X  5 

Cyprinella spiloptera  
18 

 
142 Nocturnal

5
 

          X     X  
2 

Cyprinus carpio  1 2 Diurnal and Crepuscular
8
         X          1 

Dorosoma cepedianum  7 59 Diurnal
5
    X               1 

Esox Lucius 0 0                   0 

Etheostoma blennioides  21 821 Diurnal
9
                  X 1 

#Etheostoma caeruleum NR NR Primarily Crepuscular, Nocturnal and Diurnal possible
1
     X          X  X X 4 

#Etheostoma exile Iowa darter NR NR Diurnal
10

     X         X X  X  4 
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Etheostoma flabellare  1 8 Primarily Crepuscular, Nocturnal and Diurnal possible
1
             X   X  2 

Etheostoma nigrum 16 80 Crepuscular
11

     X         X X  X  4 

Fundulus notatus 4 50                   0 

Hypentelium nigricans  1 3 Diurnal
12

          X         1 

Ictalurus punctatus  2 10 Nocturnal
5
   X             X X  3 

Labidesthes sicculus 0 54 Diurnal, Crepuscular, and Nocturnal
13

               X    1 

Lepisosteus osseus  0 0 Nocturnal
14

               X    1 

Lepomis cyanellus  0 1 Crepuscular
15

  X      X X      X  X  5 

Lepomis gibbosus  0 0 Diurnal and Crepuscular
5,16

          X     X  X  3 

Lepomis macrochirus  
0 13 Diurnal and Crepuscular

1
  

      X  X  X   X  X  
5 

Lepomis megalotis  0 0 Diurnal and Crepuscular17               X  X  2 

Lepomis peltastes  0 1                   0 

Luxilus chrysocephalus  0 0 Diurnal, Crepuscular, and Nocturnal
1,5

               X    1 

Luxilus cornutus  25 40 Diurnal
18

               X  X  2 

Lythrurus umbratilis 0 2 Crepuscular and Nocturnal1               X    1 

Micropterus dolomieu  
1 5 Primarily Diurnal, Nocturnal and Crepuscular possible 

during reproductive stages
2,5

         X         X  
2 

Micropterus salmoides 
3 18 Primarily Diurnal, Nocturnal and Crepuscular possible 

during reproductive stages
2,5

  X      X X X     X  X  
6 

Morone americana 0 0                   0 

Morone chrysops  0 0 Crepuscular
19

  X                 1 

Moxostoma anisurum  0 0                   0 

Moxostoma erythrurum 11 47                   0 

Moxostoma macrolepidotum 0 4                   0 

Moxostoma valenciennesi 0 0                   0 

Neogobius melanostomus  0 196                   0 

Nocomis micropogon  NR NR Diurnal20                 X  1 

Notemigonus crysoleucas  NR NR Primarily Nocturnal, Crepuscular and Diurnal possible
21,5,11

               X    1 

Notropis atherinoides  0 133                   0 

Notropis buchanani  0 0                   0 

Notropis heterodon  NR NR Diurnal
22

               X    1 

Notropis heterolepis  NR NR Nocturnal
23

               X    1 

Notropis hudsonius 0 1                   0 

#Notropis rubellus 5 8 Diurnal
24

           X        1 

Notropis volucellus 1 230                   0 
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Noturus flavus  0 30                   0 

Noturus miurus  6 18                   0 

Perca flavescens  0 0 Diurnal and Crepuscular
25,26,27

  X  X    X       X  X  5 

Percina caprodes  13 97 Diurnal and Crepuscular
5,28

     X X           X X 4 

Percina maculate  11 164 Diurnal
29

              X   X  2 

Phoxinus eos  NR NR Diurnal
30

            X     X  2 

Pimephales notatus  60 329 Diurnal
5
            X   X  X  3 

Pimephales promelas NR NR Adults Nocturnal, juveniles Diurnal21                 X  1 

Pomoxis annularis  NR NR Nocturnal and Crepuscular
31,5

  X  X    X X      X  X  6 

Pomoxis nigromaculatus 0 0 Crepuscular
16,32

  X  X           X  X  4 

Rhinichthys atratulus  NR NR Diurnal11              X  X  2 

#Rhinichthys cataractae NR NR Nocturnal
11

          X       X  2 

Semotilus atromaculatus 0 5 Diurnal, Crepuscular and Nocturnal
1,33

       X   X     X  X  4 

#Stizostedion canadense NR NR Nocturnal
5
  X  X               2 

Stizostedion vitreum  0 0 Nocturnal5        X         X  2 

Umbra limi  NR NR Crepuscular
27

                 X  1 

TOTAL # HOST FISH 
9 3 5 6 2 1 7 4 8 1 5 1 5 

2
6 3 

3
2 3  

 

CURRENT # HOST FISH IN THE SYDENHAM RIVER 
7 3 4 4 2 1 7 4 6 0 4 1 4 

2

2 3 

2

7 2 

 

# MATCHING PAIRS OF MUSSEL-HOST DIEL PATTERNS (TOTAL, CURRENT HOSTS) 
3
,
1 0  

2 
,
1  

2 
,
1  0 1 2 - 

4
,
2 - 

3
,
2 1 2 - - - - 

 

1Tiemann and Tiemann 2004 
2Cooke et al. 2002 
3Leunda et al. 2008 
4Reynolds and Casterlin 1978 
5Sanders 1992 
6Janssen and Jude 2001 
7Culp and Scrimgeour 1993 
8Benito et al. 2015 
9Kist 2016 
10Hatch and Johnson 2014 
11Reebs 2002 

12Matheney and Rabeni 1995 
13Johnson et al. 2017 
14Scott and Crossman 1973 
15Beitinger et al. 1975 
16Shoup et al. 2004 
17Goddard and Mathis 1997 
18Johnson 2015 
19Beck and Willis 2000 
20Unger and Hickman 2019 
21Price et al. 1991 
22Bland 2013 

23Roberts et al. 2006 
24Pfeiffer 1955 
25Sieh and Parsons 1950 
26Bauer et al. 2009 
27Tonn and Paszkowski 1987 
28Kissick 1987 
29Thomas 1970 
30Stasiak 2006 
31Markham et al. 1991 
32Helfman 1981 
33Magnan and FitzGerald 1984 
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Figure A1. Abundance of glochidia (#/2-h ± SE) for each of the 17 species collected at 2-h intervals throughout the day. Standard 

error bars for each time-of-day are displayed. The horizontal bar represents the corresponding diel period (blue = Diurnal, yellow = 
Crepuscular, and pink = Nocturnal). The ranges of abundance vary by species. The horizontal bar represents the corresponding diel 
period (blue = Diurnal, yellow = Crepuscular, and pink = Nocturnal). 
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Figure A2. Abundance of glochidia (#/2-h ± SE) for each of the 17 species collected during 2-h intervals for each sampling day. 
Standard error bars for each day are displayed. The ranges of abundance vary by species. 

Date (2020) 


