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ABSTRACT 

Bed shear stress as a predictor of juvenile unionid habitat
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The association of bed shear stress (τb) and porewater chemistry with the settlement and 

persistence of juvenile unionid mussels was examined in the Sydenham River (southern 

Ontario). The law of the wall was applied to vertical velocity profiles to estimate τb at 118 

locations, in which porewater was sampled and sediments excavated. Twenty-six juvenile 

unionids (< 30 mm long) from five species were found in quadrats with 0.07 ≤ τb ≤ 0.77 Pa and 

large amounts of sand and fine gravels (> 2 mm). Logistic regression (τb and τb
2) indicated that 

the highest probability of juvenile presence was where τb = 0.4 Pa. Principal Component 

Analysis indicated that in addition to τb, porewater dissolved oxygen, pH, specific conductivity 

and temperature were associated as habitat characteristic. These results provide new insights into 

the location of juvenile unionids in riverbeds, their habitat characteristics, as well guidelines for 

their conservation and reintroduction.  
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INTRODUCTION 

Freshwater mussels (Unionidae) are a diverse family of ~ 300 species that are ecologically 

important because they provide many beneficial ecosystem services (Haag 2012; Vaughn 2017). 

Unfortunately, ~75% of unionid species are at risk (i.e., have conservation concerns) within 

North America (Lydeard et al. 2004; Strayer et al. 2004) and globally ~ 40% of unionid species 

are similarly categorized as at risk with 89 species considered data deficient (Ferreira- Rodríguez 

et al. 2019).  This is a consequence, in part, of their complex life history that includes a parasitic 

larval stage on a vertebrate host (Barnhardt et al. 2008), which affects their capacity for dispersal 

and distribution (See Haag 2012; Schwalb et al. 2013).  Unionids are vulnerable to several 

stressors (e.g., turbidity, water velocity, temperature), and the juvenile stage is especially 

vulnerable (Haag 2012). Anthropogenic actions including impoundments, commercial 

exploitation, and loss of habitat through land use changes and invasive species have also 

contributed to their endangerment (Haag 2012, Shea et al. 2013).  Indeed, invasive dreissenid 

mussels have contributed significantly to their extirpation in the Laurentian Great Lakes and 

where populations remain largely restricted to tributaries of the Great Lakes. 

Juvenile mussels are transported through the water column post-excystment from host 

fish (i.e., pre-settlement) and they eventually settle onto the riverbed where they are subject to 

post-settlement factors (Haag 2012). Juveniles are affected by abiotic factors such as bed 

geometry and topography, substrate composition, and slope changes often associated with riffle-

pool sequences along the bed of the reach. Neves and Widlak (1987) investigated such abiotic 

factors within riffle, run and pool sections of a river and observed high juvenile density among 

riffles, runs, pools and downstream of bedforms (25.6, 15.1, 9.3, 39.6 mussels m-2, respectively) 

that provide hydraulic refuge (Strayer 1999). The spatial heterogeneity of the riverbed creates 
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areas of low and high bed shear stress (τw = the force per unit area parallel to the river bed), 

which affect benthic organisms including mussels (Gordon et al. 2004). For example, juvenile 

mussel habitat has been associated with lower τw (Layzer and Madison 1995; Morales et al. 

2006; Strayer 2008) and coarse, large-scale (i.e. 100 m2 grid cells) numerical models (See 

Morales et al. 2006; Daraio et al. 2010, 2012) have been used to predict regions of juvenile 

mussel settlement in the Mississippi River. These models are based on combinations of shear 

stress, substrate stability, and depth of larval excystment (Morales et al. 2006; Daraio et al. 2010, 

2012). Areas with high probability of settlement are akin to flow refugia described by Strayer 

(1999), which are areas protected from scouring and resuspension as the τw does not exceed the 

critical shear stress (τ c, the shear stress at the onset of motion) in these areas (French and 

Ackerman 2014). 

Whereas these studies provide significant insight to the importance of low τw areas on a 

large spatial scale (e.g., model grid sizes ranging from 100 to 250 m2), further investigation into 

juvenile unionid habitat on a local scale (i.e., cm to m scale in areas where small variations in 

bed topography and slope occur) and how shear stress influences their settlement are needed to 

help close this knowledge gap in juvenile unionid habitat needs. The subject of this thesis is, 

therefore, to determine how shear stress at the local sub-reach scale (i.e., τb) affects the 

settlement and persistence of juvenile mussels as indicated by the presence of juvenile mussels.  

This approach involved a high-resolution survey to map the river bed hydrodynamics including 

velocity, bed elevation, and tw and to relate this to locations (i.e., habitats) where juveniles are 

residing using excavation techniques, tb measurements and an assessment of the porewater 

chemistry.  
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Freshwater mussel life history and ecology 

Freshwater unionid mussels are cosmopolitan and are found in most aquatic systems including 

wetlands, rivers, and lakes (Strayer 2008; Haag 2012). Within these systems, they provide 

important ecosystem services such as the clarification of water, nutrient cycling, habitat creation, 

and serve as food for other organisms (Haag 2012; Vaughn 2017). Unionids have a unique life 

cycle that includes external broadcasting of sperm from males, uptake of sperm and brooding of 

parasitic glochidia larvae by females, which are released to infect a vertebrate host (generally 

fish) that in some species may be lured to the female prior to release (Barnhart et al. 2008; 

Strayer 2008; Haag 2012).  Glochidia become encysted upon the host for a varying amount of 

time depending on the mussel species (Haag 2012), which facilitates its development and 

dispersal within and among watersheds. The transformed juvenile mussels excyst from their host 

and settle to the substrate where they burrow (Vaughn and Hakenkamp 2001; Strayer et al. 2004; 

Barnhart et al. 2008). Mussel distribution is, therefore, coupled with both the dispersal capacity 

of host and the hydrodynamic conditions present at the locations of excystment and settlement to 

the streambed (Layzer and Madison 1995; Di Maio and Corkum 1995; Daraio et al. 2012; 

Schwalb et al. 2013). 

The presence of mussels provides benefits to aquatic systems, and their importance has 

become better realized in recent decades (Lima-Lopes et al. 2014; Vaughn 2017). As a mussel 

suspension feeds, it removes seston from the water column, facilitates the cycling of nutrients 

from the water column and pore waters, effectively regulating nutrient levels, and deposits 

psuedofeces and feces to the substrate, which are used by other benthic organisms (Haag 2012; 

Vaughn 2017). Mussels promote habitat stability in high density mussel beds (areas with 

aggregation of mussels in high density), provide habitat for other organisms, and are a food 
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source for predators (Vaughn and Hakenkamp 2001; Spooner and Vaughn 2006).  Historically, 

mussels have been commercially important in North America as they provided a source of food, 

raw material for buttons, and seed material for the cultured pearl industry (Strayer et al. 2004; 

Haag 2012). Currently, major stressors include land-use changes, declines in water quality, and 

invasive dreissenid mussels have increased over the past century (Lydeard et al. 2004; Lopes-

Lima et al. 2014).  

North America is the biogeographic center for unionid diversity, with species richness 

ranging from 281 to 301 species of mussels (Lydeard et al. 2004; Haag 2012).  However, ~200 

of these species are at risk (Lydeard et al. 2004; Strayer et al. 2004).  Threats to populations 

within North America were predominant in the mid-1900s (Lydeard et al. 2004; Haag 2012) 

when over exploitation and dam construction was prevalent (Haag 2012; Shea et al. 2013).  

Regulated river ecosystems provide barriers (i.e., dams) to the dispersal of the fish host (Haag 

2012), which cannot move through the impoundments (Shea et al. 2013).  Moreover, juvenile 

mussels may be scoured from the river bed during high flow events (e.g., flooding), causing 

recruitment failure in the immediate area, but recruitment may occur downstream; this suggests 

there may be some interplay between flooding and the recruitment of mussel assemblages 

(Hardison and Layzer 2001).  However, as mentioned previously, regulated systems may also 

affect dispersal by slowing flow and impeding host fish movement (Hardison and Layzer 2001). 

This list of threats is not exhaustive, but it provides a perspective to understand how different 

factors (e.g., host dependency/ availability, flow velocity, and invasive species) within aquatic 

systems affect the various life stages of mussels. 
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Hydrodynamics and benthic ecology 

Rivers are dynamic systems that are affected by a combination of hydrological and biological 

processes.  Among these processes, sediment transport is a driving force that alters the channel 

topography and roughness because it describes the movement of particles through a reach 

(FISRWG 1998, Gordon et al. 2004). Particles within the channel can be eroded, transported in 

suspension, and settle in an area of reduced velocity such as pools, which act as areas of 

accumulation, within a riffle-pool sequence (FISRWG 1998, Gordon et al. 2004, Morales et al. 

2006). Riffle-pool sequences are important in-channel features that create gradients in water 

depth and turbulence, which have significant effects on the associated velocities, substrate 

roughness, and substrate composition (Gordon et al. 2004). The spatially heterogeneous nature 

of the river has inherent implications on benthic communities, specifically for juvenile mussels 

(e.g., Layzer and Madison 1995). 

Considerable variation in hydrodynamics occur when a river experiences low flow vs. 

high flow (Gordon et al. 2004). Such variation can affect the biota within the ecosystems 

because of the effect of water flow on the physical topology of the river (Allen and Vaughn 

2010; Hastie et al. 2000).  Bed shear stress (τw = the force per unit area parallel to the river bed) 

is an important part of substrate stability and suspension of particles (Gordon et al. 2004). For 

example, the taxa of ~ 70% of the invertebrates in the Ardèche River was significantly related to 

τw among other hydraulic characteristics (Mérigoux and Dolédec 2004).  Increases in flow can 

scour the streambed with loss of biota downstream (Strayer 2008), whereas flow refugia, 

characterized as areas that are sheltered from high shear stress are, help maintain benthic 

invertebrate diversity (Lancaster and Hildrew 1993; Mérigoux and Dolédec 2004, Rempel et al. 

2000, Strayer 1999).  Lancaster and Hildrew (1993) observed similar invertebrate abundance 
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across habitat patches however they seemed to congregate in flow refuge areas during times of 

hydraulic stress. Such areas, often downstream of a boulder or woody debris, have been found to 

shelter Epeorus larvae from hydraulic stress with the larvae actively positioning itself in 

response to the changing ambient flow conditions of a mountain stream (Hoover and Ackerman 

2011). This presents an opportunity cost for the organism as they may have to choose between 

biological needs and the exposure to hydraulic stress.   

 

Hydrodynamic influence on juvenile mussel dispersal 

Biological processes are also affected by the spatial heterogeneity of rivers. For example, Strayer 

(2008) noted that vertebrate host interaction plays a major role in the dispersal of unionids, 

because it provides a mechanism to disperse long distances (Barnhart et al. 2008; Daraio et al. 

2012; Irmscher and Vaughn 2015).  Unfortunately, mortality in the water column (pre- 

settlement) is high (~99%) between the time that glochidia are released from female mussels to 

when juvenile unionids excyst from their host and settle in the bed (Jansen et al 2001). Post 

settlement mortality is also high because juveniles may settle in areas that do not provide suitable 

substrate and hydrodynamic, i.e., where forces are not too limited or too large for survival 

(Strayer 2008).  As indicated above, rivers can differ dramatically over a small spatial scale 

(Gordon et al. 2004) and this heterogeneity within the habitat may allow for conditions suitable 

for juvenile mussel habitat. The question that remains to be addressed is where are juveniles 

within the river? Can the various spatial scales of measurements, specifically reach and local 

scale measurements, provide insight into their critical habitat? 
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Whereas it is understood that dispersal is largely due to host-parasitic interactions, local 

environmental processes within the riffle-pool sequence likely influence the settlement capacity 

and distribution of juveniles because they are predicted to travel metres to kilometres 

downstream under certain hydraulic conditions post excystment (Hardison and Layzer 2001; 

Morales et al. 2006; Daraio et al. 2010a; Daraio et al. 2012). Studies in large rivers (e.g., 

Mississippi River) indicate that mussels were more frequently observed in bank habitats as 

opposed to open channels (in this case channels were km wide) where shear stress and flow 

velocity would be high (Morales et al 2006; Daraio et al. 2010a).  In smaller channels, faster 

flows in the thalwag would likely create a similar phenomenon, where mussels are more 

frequently observed in the bank habitats. This is partially a result of substrate stability found in 

areas of low shear stress ratio (RSS) given by: 

RSS = τw / τ c     (1) 

where τw is the bed shear stress at a given velocity and τc is the critical bed shear stress causing 

scouring of material from the river bed (Morales et al. 2006).  Areas with low RSS were 

predicted to be along banks and downstream of islands, which act as flow refuges consistent with 

(Strayer 1999; Morales et al. 2006).  The lower RSS values in these riverbank habitats may allow 

for settlement and recruitment of juveniles to occur, which has helped further the understanding 

of the relationship between shear stress and the settlement of unionid juveniles (Morales et al. 

2006; Daraio et al 2010a). These predictions are consistent with a past field study in the Big 

Moccasin Creek (BMC) near Virginia, USA (Neves and Widlak 1987). Although few juvenile 

mussels were observed in the bank habitats (n = 3), the highest density were observed behind 

boulders within the refuge area (Neves and Widlak 1987). Unfortunately, only simple hydraulic 

measurements were made (i.e., water depth and velocity) and thus the insights into habitat 
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requirements are limited. However, what seems apparent is that the relative inconspicuousness of 

juvenile mussels makes them difficult to locate in stream habitats, thus finding them can provide 

insight into their habitat.    

Strayer (2008) identified several processes that could affect the distribution and 

abundance of mussels including: habitat availability; dispersal; fish hosts; food availability; and 

predation.  Further, he identified functional habitats of unionids as those that have a stable 

physical substrate within the river where mussels can burrow, flow that delivers sources of food, 

and suitable physiochemical properties like dissolved oxygen (DO), temperature, and pH (Table 

1; Strayer 2008).  

Table 1. Proposed functional characteristics of mussel habitat (from Strayer 

2008). 

Shear stress that is low enough to allow the settlement of juveniles 

Sediment provides a firm and supportive medium for burrowing  

Streambed is stable during flow events; resilient to scour  

Delivery/availability of food 

Essential resources are available (e.g., oxygen, minerals) 

Optimal temperatures for mussel growth and development 

Offers protection from predators via interstitial spaces 

Free from toxic materials 

   

Mussel dispersal has been described using simple hydraulic variables such as velocity 

and discharge (e.g., Layzer and Madison 1995; Di Maio and Corkum 1995).  More recently, τw 

has been used to characterize suitable juvenile mussel habitat because of its influence on particle 
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transport including juvenile settlement (Gordon et al. 2004; Strayer 2008; French and Ackerman 

2014).  Particles on the riverbed have a critical shear stress (τc) that is the shear stress threshold, 

beyond which material is resuspended (Gordon et al. 2004). Once in motion, saltation along the 

bed or resuspension poses a risk to the juvenile mussel as it is vulnerable in the water column 

(Haag 2012).  French and Ackerman (2014) found that the τc of juvenile mussels (diameter = 850 

µm) was 0.26 Pa while on sediment using a wall jet apparatus, however this was ameliorated by 

mussel behaviour (i.e., foot adhesion). While settled on the riverbed, mussels and other similar 

animals may adhere to sediments and bedforms, as well as burrow into interstitial pore space and 

this likely explains how they can limit resuspension (Hunt 2004; French and Ackerman 2014).  

The effects of shear stress on the different life stages of mussels and their distribution 

remains a significant gap in mussel ecology (see Layzer and Madison 1995; Di Maio and 

Corkum 1995; Hoover and Ackerman 2001; Box et al. 2002; Daraio et al. 2010a, 2010b, 2012; 

French and Ackerman 2014). To better understand this relationship between shear stress and 

juvenile settlement, Morales et al. (2006), and Daraio et al. (2010a) used a ~10-km reach of the 

Upper Mississippi River to model the settlement of mussels under different substrate and 

hydrodynamic conditions. The grid sizes used for their models were between 10 × 10 m (100 m2) 

and 10 × 25 m (250 m2) because of the large spatial area considered. The results of these studies 

suggest that under high flow conditions, variation in river bed morphology provided areas of 

substrate stability and τw conducive to unionid settlement and their simulated results coincided 

with observed mussel distribution in the reach (Daraio et al. 2010a and Morales et al. 2006).  

Daraio et al. (2012) examined the effects of host fish distribution and excystment depth by 

manipulating these variables on a similar spatial scale, which led to varying settlement success 

depending on the hydrodynamics. Whereas these models suggest where the juveniles may settle 
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on a large spatial scale, what remains to be seen is how shear stress at a reach scale (1 -10 m), 

and a local scale (1 – 10 cm) influence juvenile mussel settlement and whether shear stress can 

be used to predict juvenile mussel settlement. 

Near bed hydrodynamic forces have been identified as components of mussel habitat 

(Daraio et al. 2010a, Hardison and Layzer 2001, Morales et al. 2006, Strayer 2008), but the 

problem of collecting local-scale data persists because of the difficulty of collecting local shear 

stress (τb) measurements (Ackerman and Hoover 2001).  Larger reach-scale determinations of the 

shear stress are given by the depth-slope-product (DSP; τw) (Ackerman and Hoover 2001) 

provided by: 

τw = ρghS     (2) 

where ρ is the density of the water (kg m-3), g is the acceleration due to gravity (m s-2), h is the 

depth of the river (m), and S represents the slope of the water surface throughout the reach 

(unitless). This measurement is applied at a larger spatial scale (10 m) and includes both local 

shear stress (τb) and pressures associated with drag over the elements in the river (e.g. boulders, 

and woody debris; Kostaschuck et al. 2004). There are several ways of measuring the smaller-

scale τb in the field; some methods include Fliesswasserstammtisch (FST) Hemispheres, Preston 

Static tube, and near bed velocity profiles (Ackerman and Hoover 2001). Notably, fitting the 

Law of the Wall velocity distribution (LOTW), given by 

𝑈 =
𝑈∗

𝜅
ln (

𝑧

𝑧0
)                                                       (3) 

where U is the velocity (m s-1), 𝑈∗ is the shear velocity (m s-1), κ is the von Karman constant, z is 

height above the bottom (m), and z0 is roughness height (m) (Ackerman and Hoover 2001) to 
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near bed velocity profiles has been used successfully to measure τb in the laboratory and field 

(Ackerman and Hoover 2001; Hoover and Ackerman 2004, 2011; Kostaschuk et al. 2004; 

Valipour et al. 2014). The model in eqn. 3 predicts that there is an exponential increase in the 

velocity with respect to a given height above the bottom. This is a direct result of the no slip 

condition at the boundary. Using the parameter 𝑈∗, τb was determined; 

𝜏𝑏 = 𝜌𝑈∗
2

                                                         (4) 

This method includes the following assumptions: (1) that shear stress is constant throughout the 

vertical profile; (2) that shear stress in the viscous sublayer can be predicted by the τ in the log 

layer; and (3) that ≥ 5 velocity measurements in the log layer of the velocity profile are required 

for statistical analysis. The velocity profile method combines the ability to measure bed shear 

stress with relatively inexpensive equipment that is mobile and can access a wide variety of sites.  

This insight into near bed hydrodynamics should be useful towards the goal of determining the 

effects of shear stress on an ecologically relevant spatial scale (Hoover and Ackerman 2011).  

 

In an effort to expand our understanding of juvenile unionid life history and habitat, I propose 

the following research question, hypothesis and prediction: 

Research question 

Is bed shear stress a primary hydrodynamic factor that determines the settlement onto and 

persistence of juvenile mussels into the river bed? 
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Hypothesis 

I hypothesize that bed shear stress is a determinate of juvenile unionid settlement, because bed 

shear stress determines the settlement, resuspension, and saltation of sediment particles (i.e., 

newly excysted juvenile mussels) on river beds. 

Prediction 

If the hypothesis is correct, then juvenile settlement will occur in areas where bed shear stress is 

<0.26 Pa; the threshold of resuspension for juvenile mussels as reported by French and 

Ackerman (2014). Conversely, juvenile mussels will not be found in areas where the threshold is 

exceeded. 

 

METHODS 

Juvenile Mussels 

Juvenile mussels are mussels that are not sexually mature, and they can range in size in unionid 

mussels from newly excysted juveniles (e.g., 10s -100s µm) to much larger individuals that may 

be up to 11 years old upon reaching sexual maturity (Haag 2012).  The length at maturity (lm) of 

all of the species found at the Sydenham River Florence site (Table 2) was determined via the 

von Bertalanffy growth model,  

 𝑙𝑡 = 𝐿∞(1−𝑒−𝐾(𝑖−𝑡0))        (5) 

where lt is the length at a given time, K is the growth rate, and L∞ is the asymptotic length at 

which growth is zero (Brown and Rothery 1993).  The age of maturity and L∞ were taken from 
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appendix A in Haag (2012), K was estimated from figure 6.6 in Haag (2012), and lm was 

determined using eqn (5).  Data for 21 of the species at Florence were determined from values in 

Haag (2012), 10 of these were based on average values for a genus for species not listed in Haag 

(2012), and the determination was repeated using L∞ provided in Clarke (1981) for the species at 

Florence.  The mean length at maturity (lm) was 53.84 ± 20.3 (mean ± SD) mm using L∞ from 

Haag (2012) and 59.53 ± 22.11 using L∞ from Clarke (1981) (see Appendix A).  Given these 

data, we set a conservative measurement of 30 mm (i.e., mean – 1 SD) as the size threshold for 

juvenile mussel identified in this study.  We recognize that this model may overestimate the 

number of juvenile mussels for species with low L∞ (e.g., Rayed Bean).  It is relevant to note that   

Neves and Widlak (1987) examined juveniles up to 30.3 mm long for the four species in their 

study reach, and Cyr (2019) used a threshold of 50 mm for juveniles of a single species with a 

large L∞. 

Study Reach  

This study focuses on one site in the Sydenham River in southwestern Ontario at Florence (DFO 

site SR-05) (N 42.651389, E -82.009722), which is a location of high mussel density (23.6 

mussels m-2), species richness (24 species) and is a location in which juvenile unionid mussels 

have been observed by Fisheries and Oceans Canada (DFO) in ongoing surveys in Southern 

Ontario (Dr. Todd Morris DFO pers comms).  Mussel density is an important consideration with 

respect to juvenile occurrence because the probability of finding juvenile mussels is limited at 

low density sites (Arvidsson et al. 2012; Dr. Todd Morris pers comms).  Species richness (i.e., 

26) in the reach (Species at Florence (SR5); Dr. Todd Morris pers comm.) include the mussel 

species listed in Table 2.  This list includes species that are listed provincially under the 

Endangered Species Act (ESA) in Ontario and federally under the Species at Risk Act (SARA).    
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Table 2. Scientific, common names, and Canadian conservation status of unionid mussel species 

present in the Florence site in the Sydenham River. 

Scientific name Common name 

Conservation 

Status 

Actinonaias ligamentina Mucket Common 

 Alasmidonta marginata Elktoe Common 

 Amblema plicata Threeridge Common 

 Cyclonaias tuberculata Purple Wartyback Common 

Epioblasma triquetra  Snuffbox Endangered 

Epioblasma rangiana  Northern Riffleshell Endangered 

 Eurynia dilatata Spike Common 

 Fusconaia flava Wabash Pigtoe Common 

 Lampsilis cardium Plain Pocketbook Common 

Lampsilis fasciola  Wavy-rayed Lampmussel Special Concern 

 Lasmigona complanata White Heelsplitter Common 

 Lasmigona costata Flutedshell Common 

 Leptodea fragilis Fragile Papershell Common 

 Ligumia recta Black Sandshell Common 

Pleurobema sintoxia  Round Pigtoe Endangered 

 Potamilus alatus Pink Heelsplitter Common 
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Ptychobranchus 

fasciolaris Kidneyshell Endangered 

 Pyganodon grandis Giant Floater Common 

 Quadrula pustolosa Pimpleback Common 

Quadrula quadrula  Mapleleaf Special Concern 

Simpsonaias ambigua  Salamander Mussel Endangered 

 Strophitus undulatus Creeper Common 

 Truncilla truncata Deertoe Common 

 Utterbackia imbecillis Paper Pondshell Common 

Villosa fabalis  Rayed Bean Endangered 

Villosa iris  Rainbow Mussel Special Concern 

 

The length of the reach used in this study site is 20 m long, it features a slight curve as it 

flows downstream (North to South) and laterally (West to East). This site along the Sydenham 

was chosen because it transitions from a riffle section into a run and as it flows down further it 

becomes a pool. The boundaries of the reach were defined by considering the length needed to 

capture the transition of riffle into run, while considering the time restraints associated with the 

high-resolution survey. The channel banks are gently sloped on the western side and abruptly 

sloped with slightly undercut banks on the eastern side.  The substrate varies (See Figure 6) with 

largely cobble and boulder elements dominating the thalweg and eastern banks, and pebble, 

sands and silts dominating the western bank.  



 
 

16 
 

Bed elevation, speed, and bed shear stress determination 

A high-spatial resolution bed survey was conducted at the Florence site using a SXBlue Platinum 

Global Navigation Satellite System (GNSS; SXBlue, Montreal, Canada) receiver utilizing Real 

Time Kinetic (RTK) satellite corrections accurate to 1 cm, to measure bed elevation and spatial 

position (i.e., GPS: Geographic Position System).  A handheld acoustic Doppler velocimeter 

(ADV; Flow Tracker II, Sontek, San Diego, USA) was used to measure water speed in 3 

dimensions (mean speed = 0.352 ± 0.0047 m/s) at each of the survey points.  A fixed grid system 

was used to ensure consistent mapping methodology. The grid system featured a 20 m long 

streamwise tagline that acted as the anchor for cross-stream oriented 20-m long transects 

perpendicular to the river channel.  Survey data were collected every 50 cm from the eastern 

riverbank and upon completing the cross transect, the cross transect was moved up in the 

streamwise direction 50 cm. Additionally, the dominant (≥50%) sediment classification was 

estimated at each survey location according to the Wentworth scale (Wentworth 1922). Prior to 

survey measurements, the substrate was physically inspected and the dominant substrate type 

(i.e., boulder, cobble, pebble, gravel, sand, and silt) was estimated at each point along the survey. 

This elevation, speed and substrate survey provided a series of measurements forming a 50 cm × 

50 cm resolution grid along the length of the reach.  

The data from the riverbed mapping survey were used to calculate the depth-slope 

product (DSP) for the reach-scale τw. The water surface elevation was calculated from the bed 

elevation data collected and averaged across the transect, and then the slope of the water surface 

was calculated to determining the DSP over four grid resolutions (i.e., 10, 5, 2, 1 m). DSP 

determination guided the identification of local regions within the study reach where cross-

stream excavation transects would be located from just below the water surface at the eastern 
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bank of the reach.  Two pairs of low and high τb cross-stream transects were located downstream 

at 7 and 13 m, and 4 and 10 m beginning in areas that had relatively coarse bed composition (i.e., 

pebble/cobble), which transitioned to finer material at the western bank.  Three streamwise 

transects were located 1, 2, and 3 m from the western bank of the reach to include more samples 

within the finer material on the riverbed. Vertical profiles of water speed were obtained using the 

ADV at each quadrat location located 100 cm along the transect; specifically, measurements 

were taken starting at 50% water depth, then at an interval of 2 cm and, upon reaching 10 cm 

from the bed, every 1 cm from the river bottom. The flow speed records were imported into 

MATLAB Version R2018a where a non-linear least squares process was used to calculate 𝑈∗ and 

𝑧0 using the law of the wall (eqn (3)) and converted to local shear stress (τb) using eqn (4). 

 

Excavation of quadrats along sampling transects 

A number of physical, chemical and biological measurements were made at each quadrat 

locations (i.e., 1 m along the sampling transects) where τb was measured.  In order to examine 

pore water chemistry, 120 ml porewater samples were withdrawn from a pushpoint piezometer 

(MHE Products, East Tawas, Michigan, USA). The piezometer has a hollow stainless-steel body, 

and a guard-rod that provides structural support during the insertion of the body into the 

sediments, along with interlaced slots at the tip to allow porewater to be drawn from the 

sediment. After the piezometer was inserted into the sediment (~8 cm), the guard rod was 

removed to attach a syringe (60 mL; BD Syringe) to the sample port where water was withdrawn 

at ~60 mL min-1. As it had high turbidity due to potential surface water contamination, the first 

aliquot was discarded. After collection, contamination was further minimized by slowly 

discharging the syringe along the wall of a plastic beaker to avoid mixing with ambient air 
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conditions. Water samples were immediately measured for temperature, oxygen, pH, 

conductivity, and turbidity after collection using a YSI multi-parameter probe (YSI ProDSS; 

Yellow Springs Instruments, Yellow Springs, OH, USA).  

A steel quadrat (14.3 cm diameter) was pushed to a depth of 8 cm (Figure 1), which is the 

depth to which juvenile unionids have been observed burrowing in the laboratory (Yeager 1994; 

Box et al. 2002).  The contents of the quadrat were excavated by hand for the larger sediment 

class and using an airlift system (Figure 1) that transferred the finer sediments into a 20-L HDPE 

(high density polyethylene) recovery bucket.  The material was processed through a series of 

stainless-steel sieves (2000 μm, 850 μm, 500 μm, 250 μm, 180 μm sieve sizes), which were 

weighed using an electronic scale (Electronic Kitchen Scale, Model# 93016, Starfrit, Quebec, 

Canada) to characterize the size classes of sediments using a modified Wentworth scale 

(Wentworth 1922).  The 500 μm, 850 μm, and 2000 μm sieved were examined visually for the 

presence of bivalves.  Any bivalves found were counted, photographed, identified on site or in 

lab from photograph taken in the field and, along with the sediment, returned to its original 

quadrat in the riverbed.  

Additional quadrat sampling was undertaken if juvenile unionids were found at a given 

location; specifically, four additional quadrats located diagonally (~45°) 20 cm from the original 

grid point.  These additional quadrats were conducted as time permitted.  A minimum of 50 

excavations was arbitrarily set as a goal to obtain enough observations for statistical analysis 

given the rarity of juvenile unionids. 
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Figure 1. Sediment airlift system and measurement equipment setup: (A) components of the lift 

system including (a) air pump, (b) airlift apparatus (arrow indicates water and sediment uptake), 

and (c) recovery bucket. (B) Substrate processing components including (a) the series of nested 

sieves, (b) sediment excavation quadrat, and (c) electronic measuring scale. 

 

 

Statistical analysis 

Survey data were mapped in the field using methodologies described above. Point data, forming 

a grid resolution of 0.5 × 0.5 m, related to the bed elevation, speed, and substrate type were 

imported from the GNSS system onto ArcGIS (Version 10.6) where the spatial analyst tool, 

inverse distance weighted (IDW), was used to interpolate various surfaces. This process assumes 

that the information contained within points that are spatially close together are more alike than 

points that are spatially further apart, thus, relatively close points have a larger influence on the 

predictive surface than a point that is spatially far away. 

a 

b
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A two tailed t-test was used to evaluate means of habitat variables (i.e., hydraulic, 

physical and porewater chemistry) for juvenile presence versus absence following a two-sample 

F-test for homogeneity of variances and Shapiro-Wilk test for normality.  Non-parametric Mann-

Whitney tests were used when the assumptions of normality could not be met.  

Juvenile presence was analyzed using a logistic regression model via the GLM 

(generalized linear model) function as the data structure included a binomial response with 

several continuous independent variables.  Forwards and backwards stepwise selection by AIC 

(Akaike’s Information Criterion), which is the iterative process that builds models by the 

addition or removal of variables, respectively, based on changes in AIC was used to build the 

logistic regression model.  All the hydraulic and physical variables (i.e., τb, mass of material in 

the 2000 µm, 850 µm, 500 µm, 250 µm and 180 µm sieves) were input into the stepwise 

function and the models with the lowest AIC were chosen for further analysis. Variations of 

these model were created, which included non-linear terms. We selected a final model based on 

the AIC rank (lowest value), lowest residual deviance, and appropriate number events per 

independent variable (i.e., parsimony of 10 observation per independent variable; see Peduzzi et 

al. 1996; Stoltzfus 2011).  

If the hypothesis is correct, then there should be an association between the presence of 

unionids and the shear stress measurements.  Assumptions of the logistic regression model are: 

(1) the relationship between response and predictor variables can be described with a linear 

function when logit-transformed and can be tested by creating an interaction term between each 

continuous independent variable and the natural log of it (Stoltzfus 2011); (2) there is 

independence of errors, i.e., for any given value of a predictor variable, the response variable 

values are independent; (3) there should be no redundancy or collinearity between independent 
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variables, which was tested using variance inflation factor to check for levels of collinearity 

(Bowley 2015); and (4) there are few to no outliers whose observed response strongly differs 

from the predicted outcome (Stoltzfus 2011; Bowley 2015).  

To characterize the general habitat of juvenile unionids, principal component analysis 

(PCA) was used on the habitat variables obtained in the quadrats in which unionids were 

observed. Habitat variables included: (A) physical conditions including the mass of the 2000 τm 

sieve; (B) hydraulic conditions including τb; and (C) porewater DO, temperature, pH, turbidity 

(FNU), and conductivity.  These variables were standardized by conversion to z-scores such that 

they have a mean of 0 and variance of 1 (Bowley 2015). Principal components were identified as 

significant if their associated eigenvalue was ≥1 (Bowley 2015).  Patterns of adult and juvenile 

clustering were ascertained using the associated loadings and eigenvalues of the respective 

habitat variables presented in the results section.  All statistical analyses were performed on 

RStudio Version 1.2.1335. 

 

RESULTS  

Site conditions and mapping 

Sampling occurred over the 2018 (n = 22) and 2019 (n = 96) field season for mapping and 

excavations at the Sydenham River Florence site (Figure 2).  Sampling was conducted during 

baseflow, or reasonably close to it, as this often occurred later in the summer to mid fall, which 

is a period when any juvenile settlement in the spring and summer may have grown to a 

detectable size. The mean depth and speed (means ± SE) during surveying was 0.323 ± 0.003 m 

and 0.352 ± 0.005 m/s, respectively.  These values reflected the conditions while surveying and 
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excavating. The bed elevation mapping was conducted in 2018 and resampled in 2019 during the 

early summer to ensure that conditions were similar between the years.    

 

Figure 2. Mean daily discharge measured by real-time hydrometric gauging stations positioned 

upstream of the sampling site. Sampling occurred over the 2018 and 2019 field season from early 

June to late October. Data retrieved from wateroffice.ec.gc.ca. 

 

 

The average water surface height at each transect was calculated and along with the slope 

of the water surface determined over four spatial intervals (1 m, 2 m, 5 m, and 10 m) were used 

to determine the τw via the DSP (i.e., eqn (2); Figure 3).  Using the 1 m grid resolution, regions of 



 
 

23 
 

low vs. high τw (i.e., low: 7-8 m, 13 m and 15-16 m; and high: 4-6 m, 10-11 m, and 18-19 m) 

over the reach were ascertained for further work.  

 

  

 

Figure 3. Reach scale determination of total bed τw aggregated over 4 distinct intervals (DSP 1 

m, 2 m, 5 m, 10 m) for the 20 m length of the Florence site. Areas of low and high total τw were 

identified for further field work (7-8 m, 13 m, and 15-16 m vs. 4-6 m, 10-11 m, and 18-19 m, 

respectively). 

 

 

The river bathymetry, speed and direction along with the dominant substrate present at 

each measurement location along the survey grid were mapped using information from the ADV 

and GPS systems.  The interpolated surfaces of the visualization of water velocities and 

associated water surface elevation are provided in Figure 4.  Areas of slower speed were evident 
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along the western bank and further downstream beyond the site, whereas areas of high speed 

were observed through the thalweg, flowing towards the eastern bank. Figure 5 presents the 

interpolated surfaces of the visualization of bed elevations, the respective areas that were low 

and high τw (see Figure 3) and the streamwise transects that were excavated.  In this case, the 

area of deeper water was observed in the northeastern region of reach and along the western 

boundary.  A map of the dominant substrate composition and the location of quadrats along the 

sampling transects as well as whether they contained juveniles is presented in Figure 6. The 

pattern in water speed was interesting because it demonstrated that flow moved laterally towards 

the eastern bank through the reach (Figure 4). This was associated with some patterns in the 

sediment composition (Figure 6) as the eastern bank was incised and had coarse sediment likely 

due to bank erosion. Whereas the western bank was shielded from this high current due to the 

flow direction, vegetation that crept into the channel and gently sloped bank that appeared to be a 

depositional area.
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Figure 4. Flow speed measured in the Florence site (Sydenham River) with an ADV displayed by arrows indicating flow direction 

and magnitude; size of the arrow relative to the speed. Note the speed scale within the legend (0 – 0.68 m/s). Underlying the arrows is 

the water surface elevation interpolated using IDW tool in ArcGIS. 
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Figure 5. Interpolated bed elevation surface via IDW in ArcGIS in the Florence site (Sydenham River) with transects identified as low 

(light blue) and high (black) τw as per the DSP determination, as well as additional streamwise excavation transects (purple) within the 

depositional region on the western bank. The white arrow at the top of the figure indicates flow direction.  
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Figure 6. Results of the substrate survey in the Florence site (Sydenham River) with points displaying the locations of quadrat 

excavation along each transect. Filled points are locations where juveniles were present and cross marks are locations where adults 

were present. The white arrow at the top of the figure indicates flow direction. 
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Velocity profiles measurements 

τb was determined using the velocity profiles measured at 118 locations in the field and 

calculated in the lab using equation (3) (Figure 7E).  Total shear stress was measured over 

several scales from 10 m, which is typical for the DSP technique, to 1 m (Figure 7).  The 1 m 

DSP determination was used to inform where local measurements would be conducted because 

that resolution seemed to be more sensitive to small scale changes in elevation and featured a 

more continuous distribution (See Figure 7).  The mean (± SE) τb at the Florence site was 0.71 ± 

0.03 Pa with a range of 0.0031 – 1.44 Pa. The fit of these calculations was assessed by 

determining the mean square error (MSE) from the output of the non-linear least squares process 

using eqn (3) (Figure 8).  The mean MSE for all 118 profiles was 0.0033 ± 0.0003 with a range 

of 0.016 – 0.000087.  Most of the velocity profiles fit the law of the wall reasonably well 

however some fit less well, especially near the bottom, likely a result of the upstream roughness 

elements found in natural system (Figure 8). 
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Figure 7. Frequency distribution of τw (A-D) and τb (E) measurements (n =118) prior to 

excavations at the Florence site. (A) – (D) Depth-slope product (DSP) determinations of τw at 10, 

5, 2, 1 m grid resolutions respectively, and (E) local shear stress determination of τb. 
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Water Velocity (m/s) 

Figure 8. Samples of velocity profiles measured for τb via the Law of the Wall. Red data 

points/line correspond to measured water velocity data and blue points/line correspond to 

predicted velocities calculated using eqn. 3. (A) and (B) are examples of good fits (MSE = 

0.00018 and 0.00022, respectively). (C) and (D) are examples of poor fits (MSE = 0.015 and 

0.016, respectively).  

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5 0.6

D
ep

th
 (

m
)

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5 0.6

0

0.05

0.1

0.15

0.2

0.25

0 0.2 0.4 0.6

D
ep

th
 (

m
)

0

0.05

0.1

0.15

0.2

0.25

0 0.1 0.2 0.3 0.4 0.5 0.6

A B 

C D 



 
 

31 
 

Habitat measurements of juvenile mussels  

A total of 118 quadrats were excavated in the study reach and 56 of these quadrats contained 

unionid mussels (n = 94) as well as numerous sphaeriid clams (n = 1561) (See Table 2).  Of the 

94 unionids, 26 juveniles were identified based on the 30 mm size range threshold. These 

juveniles were largely observed in the western bank of the Florence site, which contained finer 

(i.e., gravels/ sands) substrate.  These 26 juveniles were identified to a species level (n = 5) with 

the assistance of Dr. Todd Morris (DFO, pers comm; Figure 9), although the identity of 5 

individuals remained unknown as diagnostic characteristics were difficult to assess because of 

their small size (~1 cm shell length). The most abundant species with juveniles included 

Northern Riffleshell (Epioblasma rangiana, n = 12), and second most was Spike (Eurynia 

dilatata, n = 5) (Figure 9). We found a considerably wide range of mussel species (n = 16) 

throughout the reach, spatially they were observed in the western bank, in the thalweg, and, 

although much less frequently, in the eastern bank (Figure 6).  

 

 

Table 3. Counts, presence and mean densities of juvenile and adult unionids across all 118 

locations excavated. 

 # Individuals observed Quadrats containing Mean (± SE) Density observed 

(mussels m-2) 

Juveniles 26 23 13.7 ± 2.7 

Adults 68 43 32.1 ± 4.7 

Sphaeriid 1488 110 788 ± 61.2 
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Figure 9. Count of unionids found in the Florence site (Sydenham River) organized by (A) 

species and (B) measured shell length.  Juveniles (n = 26) were defined as having shell lengths 

<30 mm. Identifications were either done in field or via photography with the expertise of DFO 

partners. 

 

Physical and chemical properties of the riverbed differed between quadrats that contained 

juvenile unionids and those that did not (Figure 10 and 11). Specifically, in quadrats in which 

juveniles were present, the mean shear stress (τb), porewater temperature (T) and porewater 
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dissolved oxygen concentration (DO%) were all lower than in quadrats in which juveniles were 

absent (τb: t49 = 3.89, p = 0.0003; temperature t116 = 2.13, p = 0.035, DO W23,95 = 1435.5; p = 

0.02).  Conversely, the mean mass of material in the 2000 µm, 850 µm, 500 µm, and 250 µm 

sieves were higher in quadrats containing juveniles than those in which juvenile mussels were 

absent (2000 µm: t51 = -3.23, p= 0.0022, 850 µm: W23,95 = 754.5; p = 0.022, 500 µm: t46 = -2.99, 

p = 0.0043, 250 µm: W23,95 = 801; p = 0.048) with juvenile presence.  Porewater pH, turbidity 

(FNU), specific conductivity (SPC μS/cm), as well as the mass of the smallest sieve (i.e., 180 

µm) were similar between quadrats with and without juveniles (Figure 10 and 11; pH: t116 = 

0.80, p = 0.4, FNU: W23,95 = 1190.5; p = 0.5077, SPC: W23,95 = 948.5; p = 0.33, 180 µm: t116 = -

1.55, p = 0.12).  It was surprising that turbidity (FNU) was not considered significant, but it is 

evident the SE was very large for these measurements relative to the SE for other habitat 

variables. 
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Figure 10. Hydraulic (A) data and physical (B-F) habitat data collected during excavations (n = 

118). Bars represent mean ± SE of (A) shear stress (τb), (B) 2000, (C) 850, (D) 500, (E) 250, and 

(F) 180 µm sieve mass. Letters above bars represent significant differences (p < 0.05). 
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Figure 11. Porewater chemistry data collected during excavations (n = 118). Bars represent 

mean ± SE of (A) temperature, (B) dissolved oxygen, (C) conductivity, (D) pH, and (E) 

turbidity. Letters above bars represent significant differences (p < 0.05). 
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Whereas the individual physical and chemical properties provide insight into their 

relationship with juvenile mussels, the previous analysis does not provide information on their 

potential associations and interactions in predicting the presence of juvenile mussels.  One of the 

strongest patterns noted visually in the transect sampling was the association of juvenile mussels 

with low τb and sandy/fine gravel substrates (i.e., the 2000 µm size fraction) (Figure 12). An 

interesting pattern emerged when the occurrence of juvenile mussel plotted as a function of τb 

and the mass of the 2000 µm size class (Figure 13). In contrast to adult mussels (i.e., > 30 mm) 

that were found between 0.022 and 1.34 Pa and 616 to 2821 g in the 2000 µm sieve, juveniles 

were found in a much more restricted range of τb (i.e., 0.075 to 0.77 Pa and 1151 to 2561 g in the 

2000 µm sieve). This pattern suggests that τb may be a more important predictor of juvenile 

mussels relative to sediment grain size. 
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Figure 12. Shear stress (τb) and 2000 µm sieve weight in quadrats plotted as a function of the 

presence of juvenile (<30 mm; n = 23) and adult (>30 mm; 43) unionids. 
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Figure 13. Contour plot of shear stress (τb) and 2000 µm sieve weight as a function of juvenile 

density revealing this narrow range in which juveniles seemed to be highest in density. An 

observation of one individual in a quadrat corresponds to a density of 62 juveniles per m2. 
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Juvenile Unionid Response to Shear Stress 

Juveniles density exhibited a unimodal response in response to τb with a mean τb = 0.53 ± 0.046 

Pa (Figure 14).  No juveniles were observed at sites with τb < 0.075 Pa or sites with τb > 0.77 Pa 

even though adult mussels were observed at both lower and higher τb (Figure 12).  In order to 

understand if there is a relationship between the size of juveniles and τb, the latter was plotted as 

a function of juvenile length. Interestingly, no meaningful linear pattern was detected between 

the length of the juvenile and τb given the R2 = 0.0009 (Figure 15). 

 

 

Figure 14. Juvenile density plotted as a function of shear stress (τb) along with locations where 

juveniles were absent. 
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Figure 15. Local bed shear stress plotted as a function of shell length of the 26 juveniles 

observed. No discernable pattern was found using linear regression (i.e., low R2 value).  

 

After finding the combination of variables with the lowest Akaike Information Criterion 

(AIC) using Stepwise Selection, eight competing logistic models were developed that 

incorporated the hydraulic and physical variables (Table 3). The models ranged in AIC value 

from 98.7 to 114.3 and residual deviance from 88.7 to 107.7 indicating that the models were 

reasonably close with respect to how well each fit the data. After ranking by AIC and their 

associated residual deviance, predictive curves were plotted to visualize the data and determine 

how well the model predicted juvenile presence (Figure 16).  Five of the models captured 

unimodal responses with predictor variable, whereas three models increased or decreased 

monotonically. Of the former five models, Model #2 was selected because its peak and 

dispersion best matched the observed distribution; it best fit the parameters of the model 

y = -0.0011x + 0.5589
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selection (i.e., 10 events per independent variable [i.e., 2 independent variables for n = 26 

observations], AIC, and residual deviance) and used for further analysis (Table 3).  

 

Table 4. Competing models for juvenile presence using logistic regression based on lowest AIC 

using Stepwise Selection. 

Model# Independent 

Variables 

df P value AIC Ranked 

by AIC 

Residual 

Deviance 

4 τb +  

τb 
2+ 

mass 2000 +  

mass 20002 

113 0.01143 

0.00472 

0.01 

0.01328 

98.7 1 88.7 

5 τb +  

mass 2000 +  

mass 20002 

114 0.00472 

0.01 

0.01328 

100.34 2 92.3 

2 τb + 

τb 2 

115 0.0539 

0.018 

104.23 3 98.2 

3 τb +  

τb 
2 +  

mass 2000 

114 0.199 

0.2941 

0.045 

105.1 4 97.1 

7 mass 2000 + 

mass 20002 

115 0.166 

0.02499 

107.84 5 101.8 

8 τb +  

mass 2000 

115 0.011 

0.0437 

109.28 6 103.2 

6 mass 2000 116 0.00512 111.66 7 110.3 

1 τb 116 0.0187 114.33 8 107.7 
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Figure 16. Predictive lines of competing models plotted with the proportion of juveniles present 

for the τb or sieve weight. (A) models containing hydraulic and physical components; 1-5 and 8, 

and (B) models containing solely physical components; 6 and 7. τb and 2000 µm sieve weight 

were binned over 0.25 Pa and 500 g intervals, respectively, and the value of the predictor is 

provided in the secondary x axis on the top of each plot. 
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Model #2 showed that τb had a marginally significant effect on the probability of juvenile 

presence (p = 0.054), and the quadratic term for τb had a significant effect (p = 0.018), indicating 

the relationship was non-linear and best modeled using a quadratic relationship (Table 4).  

Estimates and their associated standard error, Z-value and p-value are reported in Table 4.  The 

model gives the highest probability (logit(Y) = -0.364, Probability = 0.4099) of juvenile presence 

at 0.4031 Pa, which is reasonably close to the mean τb (0.53 ± 0.046 Pa) observed for juvenile 

presence (Figure 17).  Interestingly, the probability tails off asymptotically as τb decreases and 

increases. At the upper end the probability decreases to 0% as it moves beyond the mean and 

maximum τb (0.53 and 0.77 Pa respectively), whereas, on the lower end, the probability only 

drops to approximately 13% (Figure 17).   

 

Table 5. Coefficients and their associated estimate on the logit scale, for the juvenile logistic 

regression model #2. 

Coefficients Estimate Standard Error Z value Pr (>|z|) 

Intercept -1.8696 0.9165 -2.04 0.041 

τb 7.4137 3.8456 1.928 0.054 

τb 
2 -9.12928 3.8849 -2.366 0.018 
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Figure 17. The presence of juvenile unionids (n = 23) as effected by τb. The analysis was 

peformed using a logit link and binomial distribution. The graph on the left shows the quadratic 

equation logit(Y) = -1.8696 +7.4137(τb) -9.128(τb)
2 predicting the presence of juvenile unionids 

over the range of τb on the model scale. The graph on the right represents the predicted curve 

converted to the data scale with associated probabilities.  

 

 

Adults were observed more often than juveniles, and over a wide range of τb and 2000 

µm sieve mass (Figure 12). The selection of independent variables associated with Model # 2 

were similarly applied to the observed adult mussel presence (n = 43) to determine if there were 

any similarities between juvenile and adult distributions. No significant relationship was found 

for adults using this model (Table 5). 
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Table 6. Coefficients and their associated estimate on the logit scale, for the adult logistic 

regression model using similar variables as model #2 for juvenile presence. 

Coefficients Estimate Standard Error Z value Pr (>|z|) 

Intercept -0.5861 0.6686 -0.877 0.381 

τ -0.6298 1.9159 -0.329 0.742 

τ 2 0.7565 1.2835 0.589 0.556 

 

 

The habitats of juvenile unionid mussels 

The data collected in the study were examined using Principal Component Analysis (PCA) to 

characterize the habitats of juvenile unionids. The potential habitat variables included the 

hydraulic, physical, and porewater chemistry values described above. Results revealed three 

significant PCA axes for juveniles, which explained 76.1% of the cumulative variation among 

the habitat data (Table 7A). Dissolved oxygen and pH had strong (≳ 0.70) positive loadings on 

PCA 1, local shear stress (τb) and turbidity (FNU) had moderate loading (~ 0.55), whereas 

specific conductivity have moderate negative loading (-0.66).  In contrast, temperature had a 

strong positive loading (0.93) on PCA 2 and the 2000 µm sediment mass had a moderate loading 

(0.59) on PCA 3 (Table 7B).  The size of each juvenile and their species were plotted within the 

PCA 1 and 2 space to identify potential patterns (Figures 18). Spike juveniles (n = 5) tended to 

cluster in quadrant I (numbered counter clockwise from top right), which is a quadrant associated 

with strong loadings from DO%, pH and turbidity (FNU) on PCA 1 along with temperature on 

PCA 2 (vectors in Figure 18 and Table 7B).  Northern Riffleshell juveniles (n = 12) were mostly 
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found in quadrant II and III, which exhibited negative associations with the strongly loaded 

variables on PCA 1 and positively correlated with the 2000 µm sieve mass along PCA 2, 

although this variable did not strongly load on PCA 2 (vectors in Figure 18 and Table 7B).  The 

small number of observed juveniles within the remaining species precluded additional 

assessment.  These results should be approached with caution as we had low sample sizes within 

species, and between adults and juveniles, as well as no formal statistical analysis was performed 

to test said correlations.   

 

Figure 18. Principal Component Analysis for juvenile unionids (n = 26). Shapes used represent 

species (filled circle = Threeridge, filled square = Northern Riffleshell, filled diamond = Purple 

Wartyback, upside down triangle = Wabash Pigtoe, upright triangle = Spike, and crossed circle = 

unknown) and colour represents the associated length of the juvenile (see legend).  
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Table 7. Results of the Principal Components Analysis of habitat variable for juvenile unionids.  

(A) Eigenvalues and percent cumulative variance explained by each component. (B) Variable 

loadings on each component. Bold font indicates significant components in (A) and strong 

loadings in (B). 

A Component eigenvalue % Variance % Cumulative Variance 

1 2.7679983 39.542833 39.54283 

2 1.4899251 21.284645 60.82748 

3 1.0656202 15.223146 76.05062 

4 0.7706722 11.009602 87.06023 

5 0.5521529 7.887899 94.94813 

 

 

This approach was also applied to adult unionids.  In this case, two significant PCA axes were 

identified that explained 58.7% of the cumulative variation among the habitat data (Table 8A).  

This was less variation explained relative to juveniles despite the larger sample of adults.  As in 

the case of juveniles, dissolved oxygen and pH had strong (≳ 0.70) positive loadings on PCA 1 

but no strong loading was observed on PCA 2 (Table 8B).  A plot of mussel size and species 

within the PCA 1 and 2 space did not reveal strong patterns (Figures 19).  Unlike juveniles the 

adult Spike (n = 11) were more scattered (Figures 19), which was also the case for adult 

Northern Riffleshell (n =5); they were scattered with no clear clustering of individuals or length 

(Figure 19).    

B  Variable Component 1 Component 2 Component 3 Component 4 Component 5 

 τb 0.56231 -0.148190 0.486157 0.4980945 -0.418921 

 x2000 0.45611 -0.475816 0.598643 -0.097727 0.4197877 

 Temp 0.14043 0.932474 0.171657 0.049292 -0.015976 

 DO 0.81638 0.411003 0.081955 -0.231767 0.058571 

 SPC -0.66531 0.435117 0.467835 0.145975 0.244605 

 pH 0.89591 0.092508 -0.07846 -0.313298 -0.048780 

 FNU 0.55879 0.072428 -0.457916 0.5808724 0.366794 
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Figure 19. Principal Component Analysis for adult unionid individuals (n = 68). Shapes used 

represent species observed (filled circle = Threeridge, filled square = Northern Riffleshell, filled 

diamond = Purple Wartyback, upside down triangle = Wabash Pigtoe, open square = Snuffbox, 

open circle = Kidney Shell, crossed diamond = Deertoe, square framed triangle = Fragile 

Papershell, crossed square = Pimpleback, crossed circle = Plain Pocketbook, open triangle = 

Flutedshell, asterisk = Creek Heelsplitter, crossed square = Round Pigtoe, x mark = Mucket, 

cross = Rainbow) and the relative size and colour of each point represents the associated length 

of the adult (see legend).  
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Table 8. Results of the Principal Components Analysis of habitat variable for adult unionids.  

(A) Eigenvalues and percent cumulative variance explained by each component. (B) Variable 

loadings on each component. Bold font indicates significant components in (A) and strong 

loadings in (B). 

A  Component eigenvalue % Variance % Cumulative Variance 

1 2.8418114 40.597306 40.59731 

2 1.2680426 18.114895 58.7122 

3 0.8687777 12.41111 71.12331 

4 0.7198611 10.28373 81.40704 

5 0.6379148 9.113069 90.52011 

 

 

DISCUSSION 

Bed shear stress (τw) has long been predicted to be an important factor pertaining to unionid 

habitat in general, and for juvenile settlement in particular, because mussels are vulnerable to 

shear forces during, and post, settlement in the riverbed (Strayer 2008). This is based on 

inferences from field excavations of juveniles (Neves and Widlak 1987), large-scale 

hydrodynamic models of mussel settlement (Daraio et al. 2010a, Morales et al. 2006), and 

laboratory measurements of the critical shear stress (τc) on juvenile mussels (French and 

Ackerman 2014).  These results, however, demonstrate that local bed shear stress (τb) is indeed a 

strong predictor of juvenile mussels in the field.  This is because the association between τb and 

juvenile unionids was made at fine-spatial scales pertinent to the organism in the field. These 

B Variable Component 1 Component 2 Component 3 Component 4 Component 5 

 Tau 0.67748 0.085463 0.030519 0.369299 -0.5770 

 x2000 0.35755 -0.64259 0.551750 0.14126 0.25998 

 Temp 0.55403 0.466036 0.118062 0.51279 0.33983 

 DO 0.80697 0.223184 -0.38208 -0.1560 0.18505 

 SPC -0.5364 0.624241 0.18784 -0.00657 0.17897 

 pH 0.88218 -0.14674 -0.17406 -0.28300 0.15876 

 FNU 0.48044 0.411824 0.581295 -0.44281 -0.17414 
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fine spatial scales or local scales are ecologically relevant to the hydraulic forces acting on these 

mussels. Moreover, results from these local scales provide evidence to support the hypothesis 

that τb is determinate of juvenile unionid settlement for the following reasons. Firstly, juvenile 

mussels were found between τb = 0.075 and 0.77 Pa and their distribution was unimodal with a 

peak between 0.4 and 0.7 Pa and a mean of 0.53 ± 0.05 Pa. Local τb was significantly lower in 

areas where juvenile unionids were present compared to where they were not found. Thirdly, 

logistic regression identified a significant non-linear model (τb
2 and τb) for the probability of 

detecting the presence of juveniles that was relatively reasonable at matching the peak and 

dispersion of the distribution of juvenile with respect to τb.  

The final logistic regression model developed in this study only included τb and did not 

include other physical or chemical characteristics that were measured. This is a similar approach 

to what has been previously used regarding the interaction of hydrodynamics with mussels and, 

more broadly, benthic organisms. For example, Hardison and Layzer (2001) found that complex 

hydraulics akin to shear stress were negatively correlated to mussel density within the three 

rivers they studied, whereas substrate roughness correlated with mussel density in only one river.  

This insight is supported by further research by Allen and Vaughn (2010) who identified 

complex hydraulics (i.e., τ, Reynolds number and RSS), as it relates to sediment stability, as key 

variables associated with mussel species richness. Whereas other physical and chemical 

characteristics were not included in the logistic regression model, the results from the ordination 

analysis using PCA indicated a strong association of dissolved oxygen and pH with juvenile 

presence. This is consistent with Strayer (2008) who identified riverbed composition as an 

important feature of unionid habitat, which he included under the rubric of functional mussel 

habitat (Table 1).  Other such factors include the delivery/ availability of essential resources, 
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since mussels are suspension feeders, they rely on water velocities to deliver resources (Haag 

2012).  However, organic and inorganic material suspended in the water under low flows can 

lower their feeding rate (Tuttle-Raycraft and Ackerman 2019). As well, physical habitat 

conditions regarding sediment grain size are important as they relate to the porewater flow and 

hyporheic exchange (Fung and Ackerman 2020). 

A total of 26 juvenile unionids at a density of 0.07 juveniles/m2 (i.e. 26/360 m2) were 

found through excavations in a riffle/run area in the Sydenham River. It is relevant to note that 

Neves and Widlak (1987) excavated a similar number (n = 29) of juvenile mussels at a density of 

0.04 juveniles/m2 (i.e. 29/700 m2) in their excavations of similar habitat in Big Moccasin Creek 

(BMC: Virginia, USA) in 1987. The Sydenham River and BMC have similar average depth at 

baseflow (0.3 m and 0.2 m, respectively), but the Sydenham is far wider (18 m and 7 m 

respectively) and the area sampled was smaller than in the BMC (20 m and 100 m, respectively) 

(Neves and Widlak 1987). Nonetheless, both river reaches featured dense mussel assemblages; 

although the Sydenham River is far more diverse than the BMC (24 vs. 7 species respectively 

with no species overlap). The substrates between the two rivers are similar as riffles and runs had 

coarse substrate, and pools were deep and slow with a layer of sand and silt on the substrate 

(Neves and Widlak 1987). Interestingly, Neves and Widlak (1987) found only 3 juveniles in the 

bank habitat and, in this study, 8 mussels were observed within about 1 m of the bank (Figure 6).  

As well, the highest counts of juveniles they observed were found across transects in riffles and 

runs with rather high mean surface velocities (0.36 and 0.2 m/s respectively), and behind large 

bedforms also with comparably high surface velocity (0.32 m/s) (Neves and Widlak 1987).  

Whereas, in this study, juveniles were only observed on the western bank in a depositional area, 
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and along a transition between riffle to run, with similar velocities (0.24 m/s average 1 m from 

the banks).   

This study’s results coincide with Neves and Widlak’s (1987) findings that juveniles 

require swift flows such that they may get a delivery of resources (Mistry and Ackerman 2017; 

Fung and Ackerman 2020) but not so swift that they may be scoured (Table 1).  However, this 

study found a stark difference in substrate regarding juvenile habitat, Neves and Widlak (1987) 

described it as largely boulder and coarse gravel dominated areas, whereas this study observed 

juveniles present in substrates where smaller size classes (i.e., pebbles and sands) were more 

dominant. As noted by Neves and Widlak (1987), the high density within riffles, runs and 

boulders is likely due to the deposition of finer material in the spaces behind the larger elements 

that they described (i.e., boulder and cobble), which provides them an ideal refuge (Strayer 

1999). Further, these differences may also be attributed to different species being present at the 

two sites (See Neves and Widlak 1987 for species list). As observed in the habitat analysis for 

adults, adult species seem to overlap on the PCA plot compared to juvenile; specifically, there 

was some clustering of the two most abundant juveniles (Spike and Northern Riffleshell), which 

suggests that juveniles require a more finite range of habitat.   

Before this study, the effect of shear stress on juvenile mussels was based on predictions 

of settlement from large spatial scale modelling and relating those predictions to historical 

observations (Morales et al. 2006, Daraio et al. 2010a), or from direct measurement from the 

laboratory (French and Ackerman 2014).  The former predicted the settlement of juvenile 

unionids based on RSS values < 1.0 (See equation (1)), and τc values of 0.05 Pa and 0.1 Pa 

(Morales et al. 2006 and Daraio et al. 2010a respectively).  The latter measured the nominal 

detachment shear stress using a wall jet on < 30-day old mussels of four species that ranged in 
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size from 158 to 426 µm (French and Ackerman 2014).  A τc of 0.26 Pa was established for 

juveniles because French and Ackerman (2014) did not find juveniles on sediments above this 

threshold. The τc determined in the present study is ~ 3 (2.9) times larger than the values from 

French and Ackerman (2014). There are several reasons for this: (1) The size of the juvenile 

mussel used in the present study were many orders of magnitude larger than those in French and 

Ackerman (2014).  It is likely that τc increases with mussel size and Daraio et al. (2010a) 

speculates that τc could be as low as 0.08 Pa for recently excysted juveniles to as high as 50 Pa 

for an adult; (2) the physical conditions in the near bed portion of the river differ from those in a 

laboratory flow chamber.  Consequently, mussel behaviour in natural sediments may differ as 

they are known to burrow and adhere to sediments; and (3) the physical conditions during base 

flow might not correspond to the conditions at the time of mussel excystment from the fish host, 

i.e., the present study may have made measurements during a period of higher flow and higher τc. 

 

Unionid Mussel Habitat 

Juvenile unionids have been assumed to occupy similar, if not, the same habitat as adults, 

however, result from habitat studies suggest that juveniles occupy a narrower niche of habitat 

(Hardison and Layzer 2001; Hastie et al. 2000; Layzer and Madison 1995).  In this study, adult 

mussels were found throughout the reach over a wide range of τb (i.e., 0.022 to 1.34 Pa).  In 

contrast, juvenile mussels found within a much smaller subset of the adult range (i.e., 0.075 to 

0.77 Pa). This difference suggests that juveniles are more sensitive to the τb than adults, which is 

supported by our inability to find a significant relationship between adult presence and hydraulic 

parameters.  



 
 

54 
 

Porewater chemistry and interstitial flow is known to be an important source of nutrients 

for juveniles (Fung and Ackerman 2020).  In addition, finer sediments allow for burrowing that 

provide refuge from predation and from scour as their τc is lower compared to adults (Strayer 

2008, Daraio et al. 2010, French and Ackerman 2014). Unfortunately, our coarse resolution of 

sediment grain size (i.e., ≥ 2000 m sieve) could not provide more insight into the sediment size 

used by juvenile mussels. However, qualitative sediment observations made during surveying 

indicate that the western bank of the Florence reach, which was composed of finer particles (i.e., 

pebbles/granules and finer), was a better habitat for juvenile mussels than the thalweg and 

eastern bank (Figure 6). 

Daraio et al. (2010a) found that shear stress had a significant effect on juvenile settlement 

over a range of flows in computational fluid dynamic models of the Upper Mississippi River. 

Their model results indicated a continuous surface of settlement probabilities throughout the 

reach that varied spatially and depended on the discharge. Interestingly, as the discharge 

increased, the areas with a high probability of settlement decreased in area but remained as a 

refuge from the hydrodynamic forces (Daraio et al. 2010a; Strayer 1999). Simulated refuge areas 

were primarily along bank habitats, in bends and side channels and these flow in these refuge 

areas are somewhat similar to the flow patterns observed in the Florence site but at a smaller 

scale (Daraio et al. 2010a; Morales et al. 2006).  The flow in the Florence site moved southward 

and tended to move laterally from west to east over the reach (Figure 4).  This flow pattern likely 

shielded the west bank of the river from high water velocity, shear stress and scour, acting as a 

potential depositional zone for sediment particles and where, through excavation, juveniles were 

observed that likely settled in these areas as a result.  The comparison between the results of fine-

spatial scale, and large-spatial scale studies helps bridge the connection between the patterns of 
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juvenile settlement as modeled by Daraio et al. (2010) and Morales et al. (2006), and the local 

interactions between hydrodynamics and juvenile presence as observed through this study at the 

Sydenham River.  We observed a patchy, spatially variable, distribution of juvenile mussels that 

we believe persisted since their settlement into the riverbed.  It is likely, that these patches has 

characteristics consistent with functional mussel habitat (Table 1; Strayer 2008).  

An overarching theme relating to this study is the concept of spatial scale when 

considering ecological issues.  The large-scale models in the Upper Mississippi River modeled 

the spatial distribution of shear stress in the river (See Morales et al. 2006; Daraio et al. 2010a) 

with comparisons to field observations of historic mussel beds (Morales et al. 2006).  We used a 

reach scale measurement of shear stress (τw), the DSP, to identify potential areas to establish 

sampling transects, and then measured the τb by applying the law of the wall (LOTW) to vertical 

velocity profiles made above excavation quadrats in those areas looking for juveniles. A typical 

field scale used to determine total shear stress (τw) by the DSP is often 10 m, which was also 

used in this study.  Unfortunately, it provided little spatial separation of excavated sites with 

respect to τw; upwards of 80% of the measurements were within a small range of τw (Figure 7A). 

Our high-resolution equipment (GNSS) allowed us to determine the τw using 5, 2 and 1 m DSP, 

which provided greater resolution among τb values, but the distributions were disjunct at 

intermediate values determined for the higher spatial resolution of 1 and 2 m (Figure 7B to E).  It 

is important to note that τw is not equivalent to τb (Kostaschuk et al. 2004), and is more useful for 

comparison among reaches, further, τb is utilized in modelling (Daraio et al. 2010a) and observed 

in laboratory studies (French and Ackerman 2014). Therefore, it is apparent that τb is the most 

appropriate scale to evaluate hydraulic differences that effect juvenile unionids in a reach. 
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Some studies report negative associations between total shear stress and mussel density, 

but this may be related to the location of observation.  So, for example, Layzer and Madison 

(1995) measured lower τw than observed in this study (τw = 5-30 Pa), but importantly, they 

observed a unimodal response of mussel assemblage with respect to flow velocities.  In other 

words, mussels seemed to inhabit moderate flows despite the large proportion of low flow areas 

(i.e., low shear stress) available. As well, mussel density was negatively associated with high 

shear stress however the variance of mussel density increased under lower shear stress 

suggesting that it may not be a linear association (Layzer and Madison 1995).  Regarding 

juvenile mussel habitat, the pairing of reach scale DSP measurements to comparatively local 

scale LOTW measurements, to the best of my knowledge, has not been studied.  Further, 

coupling large-scale modelling with field observations is a crucial component of model 

validation in large cell sizes (i.e., 10 - 100 m) used in the Upper Mississippi River and for more 

small-scale models (i.e., 0.1-1 m) in the Sydenham River.  Local scale measurements are very 

important as seen in this study; biologically relevant variations in shear stress can occur laterally 

and longitudinally throughout the stream. Where it can be practically applied, the use of τb is 

preferred to better characterize the habitat of juvenile mussels as opposed to coarse broad 

measurements of hydrodynamics. 

 

Implications and Conservation Considerations 

This study demonstrates that τb plays an important role in the ecology of juvenile unionids 

because it is a physical factor that determines whether they can settle and persist in a given 

habitat. There are some limitations that ought to be acknowledged; this study only focuses on 

one reach, and measurements were only made during baseflow conditions. We believe, however, 
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that given the similarity of patterns of locations in which juvenile unionids were found and their 

relationships with shear stress observed in this reach and with other reaches reported elsewhere 

in North America (e.g., Neves and Widlak 1987; Layzer and Madison 1995) suggests that these 

results are representative. Practically speaking, shear stress is a rather complicated measurement 

to make in the field, but the use of specific equipment such as those present in this study and the 

Preston-static tube (See Ackerman and Hoover 2001) are methods that are effective and portable, 

which can help to facilitate the determination of shear stress in the field. Measurements made by 

such devices as those present in this study are indeed instantaneous and do not represent the 

fluctuations that occur seasonally. Acknowledging this, the sediment composition is very 

important to understanding patterns of shear stress, as it relates to the overarching hydraulic 

regime and can be considered a record of sorts with respect to the long-term patterns of sediment 

deposition and scouring (Gordon et al. 2004). 

Strayer (2008) identified the important role of hydrodynamics in the functional 

characteristics of mussel habitat (Table 1); they influence mussel dispersal capacity, settlement 

and persistence in a habitat. More broadly, hydrodynamics is an integral component of the flow 

regime of a river. The flow regime can be altered, often as a product of natural environmental 

changes, such as bank erosion, floods, droughts, and terrestrial inputs, and anthropogenically 

induced changes such as impoundments, land use changes, flow diversion and habitat alteration, 

which can shift the conditions of the river at the point of impact, downstream and potentially 

upstream when considering impoundments (Gordon et al. 2004).  

Often anthropogenic alterations have deleterious effects (i.e., increased nutrient loads and 

flow regulation) leading to an overall poorer habitat for mussels and more broadly the organisms 

within the river (Gordon et al. 2004). As nutrient loading increases, often by runoff from 
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anthropogenic activity, certain compounds are known to be toxic to mussels in high quantities. 

Specifically, ammonia is known to be a toxic compound that is a natural by product of 

decomposition and is common agricultural runoff (Augspurger et al. 2003). Higher runoff often 

leads to velocity increases, although there are some benefits to benthic organisms such as 

mussels because feeding can increase despite a greater risk of dislodgement (Gordon et al. 2004; 

Tuttle-Raycraft and Ackerman 2019). Further, as velocity increases the erosion along banks and 

bed substrates increase, leading to higher turbidity and further bank incision with no suspended 

material being deposited (Gordon et al. 2004). Whereas lowered flows may slow the delivery of 

nutrients to benthic species (Gordon et al. 2004) and cause the settlement of suspended clays and 

silts onto the bed, which are known to lower the feeding of mussels (Tuttle-Raycraft 2019).  

Natural and anthropogenic changes in the short- and long-term patterns of the flow 

regime can be altered, and subsequently sediment transport rates change in response. For rivers, 

there is a balance between the erosion, transport and deposition of particles, where in some 

rivers, these processes occur gradually or vary seasonally with high and low times (Gordon et al. 

2004 FISRWIG 1998). Particles suspended, entrained or rolling along the bed (i.e., saltation) are 

affected by the stream competence; the largest sized particles that a river can move (FISRWG 

1998). For mussel species, their glochidia and post excystment juveniles are exposed to these 

flow conditions, as they are akin to particles in suspension, and remain vulnerable while 

suspended (Hardison and Layzer 2001). If mussels are unable to settle to the riverbed, they may 

remain suspended as the rivers stream competence has increased and can travel downstream until 

they settle in a hydraulically calm area or unfortunately perish (Hardison and Layzer 2001). 

When considering these underlying processes and how they interact with the biota, this balance 
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between erosion, transport and deposition is critical to maintaining natural flows and protecting 

rivers from further degradation. 

The interaction between flow variability and sediment transport is complex, especially 

when considering the impact this interaction has on organisms in the system. Shear stress and 

substrate composition is, thus, an integral component of the stream habitat. Regarding mussel 

habitat, mussels seem to persist over a range of conditions. For example, Hastie et al. (2000) and 

Neves and Widlak (1987) found adult and juvenile mussels in high quantities within boulder-

dominated substratum in the River Kerry (Scotland) and BMC respectively, while Box et al. 

(2002) found a stark contrast for V. lienosa that seemed to be found in finer sandy sediments. 

These differences in habitat are driven by the interaction of flow velocity with other physical, 

and chemical conditions promoting local habitat heterogeneity, which may be important for 

mussel species or for different life stages. Therefore, these underlying processes should be of 

utmost importance to maintain and restore when considering juvenile mussel conservation, and 

more broadly with the management of river systems.  

While the characterization of juvenile mussel habitat continues, further work should 

focus on finding more juvenile mussels; as additional observations will help further the 

understanding of juvenile habitat. Field studies of juvenile mussels are rare due to their 

inconspicuousness, bur the results of this study provides information as to where to locate them 

in the future. In addition, focusing on preserving and restoring the processes associated with 

historical flow regimes, will help understand potential habitat differences (i.e., hydraulics, 

physical and chemical compositions) between species.  
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CONCLUSION 

This study investigates how hydrodynamics influences the settlement and presence of juvenile 

unionids by comparing two different spatial scales of habitat measurement.  It was hypothesized 

that shear stress is determinate of juvenile unionid settlement because shear stress determines the 

settlement, resuspension and saltation of sediment particles within rivers.  We found that shear 

stress best predicted juvenile presence with a non-linear relationship, whereas juvenile presence 

showed no strong pattern over the range of substrate. Results were consistent with broader 

benthic and shear stress relationships found within the literature, where hydraulic forces largely 

control their presence and settlement. As well, these results are consistent with how shear stress 

drives sediment transport of a given particle in a river through settlement, resuspension, and 

saltation. 

Within the Florence site of the Sydenham River, a flashy and often high discharge area, 

the hydraulic conditions present a unique challenge to unionids however populations still seem to 

persist and thrive as we observed many endangered Northern Riffleshell, which is consistent 

with recent DFO surveys (Dr. Todd Morris DFO pers comm.).  Unfortunately, the exact habitat 

requirements for juvenile unionids still remains elusive. These results show the importance of 

local-scale processes that, coupled with broad models, provide a powerful tool to understand 

habitat for juvenile unionid life stages.  Future studies should focus on the effects of porewater 

chemistry alongside the physical and hydraulic components as it relates to more holistic view of 

juvenile habitat.  Habitat alterations, either natural or anthropogenic, may change the flow 

regime of a reach, which has major implications on the small-scale habitat.  The results of this 

study are important for SAR mussels because it relates directly to conservation, management and 
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possible reintroductions into prospective sites, as it highlights habitats with a high probability of 

presence relative to the hydraulic conditions present. 
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Appendix A 
Age of maturity (AoM) for unionid species found within the Sydenham River with estimated growth rates and length at maturity. 

Species Common name 

Age of 

Maturity 

(AoM)  

(Haag 

2012) 

Maximum 

shell length  

(mm)  

(Haag 2012) 

Maximum 

shell length  

(mm)  

 (Clarke 

1981) 

Growth rate 

(K)           

(Haag 2012) 

Length 

(mm) at 

AoM    

(Haag 2012) 

 Length 

(mm) at 

AoM          

(Clarke 

1981) 

Actinonaias 

ligamentina Mucket 5 140 150 0.15 76.30 81.75 

Alasmidonta 

marginata Elktoe 2 102 90 0.35 55.59 49.05 

Amblema plicata Threeridge 6 178 150 0.1 82.72 69.71 

Cyclonaias 

tuberculata Purple Wartyback No data 100 100 -  -  - 

Epioblasma 

rangiana 

Northern 

Riffleshell 3* 49* 45 0.22 25.03 22.99 

Epioblasma triquetra Snuffbox 3* 49* 55 0.22 25.03 28.09 

Eurynia dilatata Spike 4* 120* 125 0.2 68.71 71.57 

Fusconaia flava Wabash Pigtoe 5* 62* 100 0.15 33.79 54.50 

Lampsilis cardium Plain Pocketbook 2* 103* 155 0.35 56.14 84.48 

Lampsilis fasciola 

Wavyrayed 

Lampmussel 2* 103 * 95 0.35 56.14 51.78 

Lasmigona 

complanata White Heelsplitter No data 190 190 -  -  - 

Lasmigona costata Flutedshell No data 150 150 -  -  - 

Leptodea fragilis Fragile Papershell 1 128 150 0.65 71.20 83.44 

Ligumia recta Black Sandshell 2 149 175 0.35 81.21 95.38 

Pleurobema sintoxia Round Pigtoe 5.5* 71* 90 0.125 36.40 46.14 
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Potamilus alatus Pink Heelsplitter 1* 135* 150 0.65 75.09 83.44 

Ptychobranchus 

fasciolaris Kidneyshell 7 157 100 0.1 80.96 51.57 

Pyganodon grandis Giant Floater 1 134 160 0.65 74.54 89.00 

Quadrula pustolosa Pimpleback 7 80 100 0.1 41.25 51.57 

Quadrula quadrula Mapleleaf 5.3* 69* 125 0.15 39.87 70.22 

Simpsonaias 

ambigua 

Salamander 

Mussel No data 42 42 -  -  - 

Strophitus undulatus Creeper 3* 95* 100 0.22 48.53 51.08 

Truncilla truncata Deertoe 3 58 70 0.22 29.63 35.76 

Utterbackia 

imbecillis Paper Pondshell 1 82 90 0.65 45.61 50.06 

Villosa fabalis Rayed Bean 1.5* 53.5* 38 0.45 29.16 20.71 

* genus average reported because data not available for species, - no data available 

 

 


