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ABSTRACT 

Ribbed mussels (Geukensia demissa) are important ecosystem engineers in salt 

marshes along the east coast of North America, but their populations are not well studied 

at their northern range limit, Maritime Canada. To learn more about ribbed mussel 

populations in Maritime Canada, I monitored their population dynamics over 2 years at 

several salt marshes in 2 microhabitats (the exposed seaward marsh edge and the edge of 

marsh creeks). I also reared larval ribbed mussels in the laboratory to monitor their 

survival, growth, and settlement at a range of temperatures (15–28°C). I then used 

survival, growth, and age data from my research and the scientific literature to 

parameterize a matrix model for ribbed mussel populations in two regions: Maritime 

Canada and southern New England/New York. Density of individuals, population size 

structure and demographic variables of ribbed mussels in Maritime Canada were 

variable within and among sites, but were not consistently affected by different 

microhabitats. Larval ribbed mussels had high mortality at low temperatures and grew 

significantly faster and settled earlier at higher temperatures. Elasticity analyses of my 

matrix model indicated that ribbed mussel populations, independent of the region 

examined, were more sensitive to fluctuations in adult survival than recruitment. 

However, ribbed mussel populations in Maritime Canada were more sensitive to 

fluctuations in adult survival than those in southern New England and New York; ribbed 

mussels in Maritime Canada are more affected by winter disturbance (ice scour and 

storms), but nevertheless appear to have a longer life span potentially because of low 

predation pressure and absent intraspecific competition. Overall, this thesis provides the 
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first integrated assessment of ribbed mussel population dynamics at their northern range 

limit, Maritime Canada.   
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Chapter 1. General introduction 

Salt marshes are biologically significant and visually striking features of 

shorelines throughout the world (Adam 2002; Bertness 2007). They are highly 

productive ecosystems (Turner 1976), characterized by halophytic vascular plants that 

have colonized soft sediment areas in the high intertidal zone (Adam 1990; McKee and 

Patrick 1988). Salt marshes are uncommon at northern latitudes, because past ice scour 

from glaciations has caused mostly rocky shores (Roberts and Robertson 1986), except 

in the Bay of Fundy and southern Gulf of St. Lawrence where salt marshes are common. 

Salt marsh ecology is thus not well studied in Maritime Canada compared to southern 

New England and further south (Bertness 2007). In southern New England and further 

south, salt marshes play important roles in storing carbon, filtering pollution, exporting 

nutrients to surrounding coastal areas, providing nursery habitat for various mobile 

animals (fish, birds, macro-invertebrates), and sheltering coasts from sea level rise and 

storm activity (Gedan et al. 2009 and references therein). Due to the high fertility of salt 

marsh soil, many salt marshes in Maritime Canada have been converted to agricultural 

land since European colonization (Byers and Chmura 2007); agricultural land was 

considered more valuable, because the services provided by salt marshes were not well 

understood until recently (Gedan et al. 2009). In the Gulf of St Lawrence and Bay of 

Fundy, over 1,000 and 32,000 ha of salt marsh land has been lost, respectively (Thomas 

1983; Gedan et al. 2009). Currently, only 8% of the coastline of New Brunswick is salt 

marsh land (Conservation Council of New Brunswick 2007).  

Ribbed mussels (Geukensia demissa) are important contributors to the health and 
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productivity of salt marshes from Cape Cod to northern Florida (Bertness 1984; Altieri 

et al. 2007; Angelini et al. 2016), but it is not known what their contribution is at their 

northern range limit, Maritime Canada. Ribbed mussels form dense aggregations with 

roots of the saltwater cordgrass (Spartina alterniflora) and each other, which helps 

stabilize the marsh substrate (Bertness 1984). As well, ribbed mussel shells act as hard 

substrate for algae and other invertebrates (Hardwick-Witman 1985), while their feces 

and pseudofeces increase nutrient availability for S. alterniflora (Bertness 1984; Altieri 

et al. 2007). Mussels also shade the marsh substrate (Jost and Helmuth 2007), which 

buffers the marsh against extreme temperature fluctuations. As well, mussels help the 

marsh substrate retain water (Angelini et al. 2016), which can prevent S. alterniflora die 

offs in periods of drought. Ribbed mussels have been identified as important ecosystem 

engineers in salt marshes in southern New England and further south, but their role in 

salt marshes in Maritime Canada is unknown. An important step in determining the role 

of ribbed mussels in salt marshes in Maritime Canada is to understand their dynamics.   

 Ribbed mussels naturally inhabit salt marshes from the southern Gulf of St. 

Lawrence to northern Florida (Abbot 1974). Their reproduction has been studied in 

South Carolina by Borrero (1987), in Connecticut by Brousseau (1982), and in Maritime 

Canada by Virgin and Barbeau (2017a). Ribbed mussel densities differ markedly across 

their range, peaking in New York (9000 individuals m-2; Franz 2001), Massachusetts 

(2859 individuals m-2; Evgenidou and Valiea 2002) and Rhode Island (1235 individuals 

m-2; Bertness and Grosholz 1985). In Maritime Canada, reported ribbed mussel densities 

are patchy (~10 individuals m-2; Watt et al. 2010; 15–90 individuals m-2; Virgin and 

Barbeau 2017a). Northern populations of ribbed mussels may be recruitment limited, 
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based on sampling by Watt et al. (2010), who found no new ribbed mussel recruits at 

their sampling sites in the southern Gulf of St. Lawrence. Considering the importance of 

ribbed mussels in the health and productivity of salt marshes from south of Cape Cod to 

northern Florida, it is important that their population dynamics be quantified in Maritime 

Canada.  

   Population dynamics of marine invertebrates differ markedly across their ranges 

(Dugan et al. 1994; Defeo and Cardoso 2002; Gilman 2006; Lester et al. 2007). In 

particular, populations at their range limit are typically patchy, prone to local collapses, 

and suffer from low recruitment (Sagarin and Gaines 2002; Fenberg and Rivadeneira 

2011). Low recruitment at a species northern range limit is often attributed to sub-

optimal temperatures (Zacherl et al. 2003; Gilman 2006; Sanford et al. 2006), but could 

also be due to larval advection away from suitable habitats (Gaylord and Gaines 2000). 

Furthermore, populations with low recruitment may be more susceptible to local 

population collapses due to physical stressors such as temperature, ocean currents, and 

storminess (Fenberg and Rivadeneira 2011). As well, fertilisation success in marine 

broadcast spawners decreases when populations are patchy (Levitan 1991), which can 

further decrease population size. Thus, increased patchiness and environmental 

variation, including climate change, can further alter population dynamics (Walther et al. 

2002) and lead to range shifts (Pinsky et al. 2013).  

 My overall objective was to determine the population dynamics of ribbed 

mussels at their northern range limit. Specifically, I monitored ribbed mussel 

populations in the field, conducted a laboratory experiment, and developed a matrix 

population model. My field studies were conducted in the Northumberland Strait, 
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between New Brunswick, Nova Scotia and PEI, where ribbed mussel populations are 

relatively large and dense.  

 In chapter 2, I examine the effect of two conspicuous salt marsh microhabitats, 

the exposed seaward marsh edge and the edge of marsh creeks, on ribbed mussel 

population dynamics in the Northumberland Strait. Abiotic differences between these 

two microhabitats may lead to differences in ribbed mussel population dynamics. 

Reproduction, growth, and settlement of sessile filter feeding invertebrates are strongly 

affected by abiotic variation, which can lead to differences in distribution, abundance, 

and body size of juveniles and adults (Bertness et al. 1991; Sanford et al. 1994; Leonard 

et al. 1998; Johnson and Brown 2000; Dobretsov and Wahl 2001). Different salt marsh 

microhabitats in southern New England and further south vary substantially both in 

terms of abiotic variables (Friedrichs and Perry 2001; Jost and Helmuth 2007; 

Fagherazzi et al. 2008) and population variables of various species (Brousseau 1984; 

Bertness and Grosholtz 1985; Peterson et al. 1985; Borrero 1987; Lin 1989; Franz and 

Tanacredi 1993; Peterson and Turner 1994; Franz 2001). Abiotic variation among salt 

marsh microhabitats in Maritime Canada may influence demographic variables and 

consequently distribution and abundance of ribbed mussels. This first data chapter 

provides valuable information on the population dynamics of this important ecosystem 

engineer at it’s northern range limit.  

 In chapter 3, I examine the effect of water temperature on the survival, growth, 

and settlement of larval ribbed mussels and evaluate the ability of a cumulative energy 

scale (growing degree days) to predict larval growth. Growth models developed from 
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size at age of individuals reared in the laboratory at constant temperature are of limited 

practical use to predict larval growth at different temperatures and where temperatures 

are variable. As well, dispersal and survival of the planktonic larval stages of benthic 

marine invertebrates are critical processes affecting population dynamics (Thorson 1950; 

Pineda et al. 2007), and larval thermal tolerance can determine the distribution of adults 

(e.g., Villalobos et al. 2006; Brooke & Young 2009). Temperature may be limiting the 

successful completion of larval development in ribbed mussels at their northern range 

limit. Furthermore, despite their importance to the health and productivity of salt 

marshes in south of Cape Cod, the larval biology of ribbed mussels has never been 

quantitatively studied.  

 In chapter 4, I incorporate the information from monitoring populations of ribbed 

mussels in the field, the laboratory experiment on larval growth, and other published 

data, to model ribbed mussel population dynamics at their northern range limit. I also 

parameterized a model for ribbed mussel populations in southern New England and New 

York to examine how elasticities of the population growth rate and population growth 

rates compare between a northern and central population. Mathematical models, which 

are useful tools for understanding the dynamics of complex biological systems, can be 

used to evaluate the importance of different demographic variables (i.e., survival, 

growth, and recruitment) on a population’s growth rate (Hughes 1990; Nakaoka 1997; 

Caswell 2001; Armsworth 2002; Dudas et al. 2007). If ribbed mussel populations in 

Maritime Canada are recruitment limited, recruit and juvenile abundance should have a 

larger effect on the population growth rate than adult abundance, survival, or growth 

parameters. Using population dynamics information from data chapters 1 and 2, this data 
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chapter provides the first integrated assessment of ribbed mussel population dynamics in 

Maritime Canada.   

 In chapter 5, I present an overview of the main findings of my study concerning 

population dynamics of ribbed mussels between different microhabitats, the effect of 

temperature on their larval biology, and the effect of different demographic variables on 

the population’s growth rate. I then discuss potential reasons ribbed mussels are at their 

northern range limit in Maritime Canada. Finally, I look at avenues for future research 

on ribbed mussel populations in Maritime Canada.     
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Chapter 2. Microhabitat variability in ribbed mussel (Geukensia 

demissa) populations near their northern range limit (Maritime 

Canada) 
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Abstract 

Population dynamics of sessile marine invertebrates are potentially affected by 

variation in abiotic variables among microhabitats. The ribbed mussel, Geukensia 

demissa, which is considered an ecosystem engineer in salt marshes from south of Cape 

Cod to northern Florida, inhabits 2 microhabitats in salt marshes near the species’ 

northern range limit, Maritime Canada: the exposed seaward edge of the marsh (edge) 

and the edge of creeks (creek). Our main objective was to determine differences in 

population dynamics of ribbed mussels in these microhabitats. We set up a spatial block 

sampling design with quadruplicate pairs of marsh edges and creeks in each of 3 or 8 

salt marshes in the Northumberland Strait, Canada, to quantify various variables over 1 

to 2 years (2015 and 2016). Specifically, we measured (i) population variables, namely 

density (no. m-2) and size structure (mm shell length) of ribbed mussels, (ii) 

demographic variables, namely gametogenesis which included oocyte density (no. per 

microscope field of view at 100x magnification) and size (µm2 cross-sectional area), 

timing of spawning, female reproductive output, settlement, recruitment, and growth 

(mm, measured from tagged juvenile mussels as well as growth rings on the shells of 

collected adults), and (iii) abiotic conditions, such as water flow (using dissolution of 

plaster hemispheres) and temperature (using temperature loggers). Water flow was 

higher and temperature was less variable in creeks than along the exposed edge. We 

observed small differences in some demographic variables between microhabitats: 

slightly delayed onset of gametogenesis and generally smaller oocytes, but this varied 
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among sites, as well as a trend towards lower estimated female reproductive output and 

more settlers (although overall numbers are low) in creeks than along edges. However, 

these small differences did not translate to differences in population variables: density 

and size structure of juvenile and adult mussels were not significantly affected by 

different microhabitats, except at one site. As well, individual growth was not affected 

by microhabitat type. Power analyses indicated that we had sufficient power to detect 

meaningful biological effects for most response variables. Although marsh creeks appear 

to be a more suitable habitat for ribbed mussels based on abiotic variables measured, 

mussel population variables may be limited by a combination of temperature and food 

availability or quality, or some other factor. Overall, our study suggests that population 

dynamics of ribbed mussels are very similar between creek and exposed edge 

microhabitats in salt marshes in Maritime Canada, and contributes a first assessment of 

the dynamics of a potentially key salt marsh species near its northern range limit.  
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2.1.0 Introduction  

Abiotic variation among microhabitats often leads to conspicuous patterns in 

population and demographic variables within habitats (Okamura 1992; Sanford et al. 

1994; Johnson and Brown 2000; Dobretsov and Wahl 2001; Schofield et al. 2009). 

Reproduction, growth, and settlement of sessile filter feeding invertebrates are strongly 

affected by abiotic variation, which can lead to differences in distribution, abundance, 

and body size of adults and juveniles, as shown in studies on mussels (Leonard et al. 

1998; Johnson and Brown 2000; Dobretsov and Wahl 2001) and barnacles (Bertness et 

al. 1991; Sanford et al. 1994; Leonard et al. 1998). In particular, variation in water flow 

and food availability were identified as primary factors affecting growth and 

reproduction of barnacles within and among sites (Bertness et al. 1991). Such abiotic 

variation among salt marsh microhabitats may similarly influence demographic variables 

and consequently distribution and abundance of ribbed mussels (Geukensia demissa), an 

important ecosystem engineer of salt marshes along the Atlantic coast of North America 

(Bertness 1984; Angelini et al. 2016).  

Salt marsh microhabitats in southern New England and further south in the USA 

vary substantially both in terms of abiotic variables (Friedrichs and Perry 2001; Jost and 

Helmuth 2007; Fagherazzi et al. 2008) and population variables of various species 

(Brousseau 1984; Bertness and Grosholtz 1985; Peterson et al. 1985; Borrero 1987; Lin 

1989; Franz and Tanacredi 1993; Peterson and Turner 1994; Franz 2001). Typically, 

these microhabitats differ in food availability and environmental stress due to 

differences in the length of inundation or location within a salt marsh. Depending on 

their location within a salt marsh, southern ribbed mussels utilize different food sources 
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(Peterson et al. 1985) and can be delayed in their reproduction (Borrero 1987). Ribbed 

mussels in northern geographic locations (Maritime Canada) have highly variable 

fecundity, reproductive timing, and population density (Watt et al. 2010; Virgin and 

Barbeau 2017a) within and among marshes; however it is unclear how much, if any, of 

this variation is due to environmental variability among microhabitats. Despite the 

importance of ribbed mussels in ecosystem health and functioning of salt marshes along 

the east coast of North America, their population dynamics near their northern range 

limit, and the potential effects of different microhabitats on these dynamics, are entirely 

unknown.  

In Maritime Canada, particularly in the Northumberland Strait, salt marshes with 

an established low salt marsh (i.e., Spartina alterniflora) zone typically have ribbed 

mussels present along the exposed marsh edge (i.e., the seaward edge of the marsh) and 

the edges of marsh creeks (i.e., small creeks leading to the interior of the marsh) 

throughout the marsh (S.D.S. Virgin, L.K. Boone and M.A. Barbeau, unpublished data). 

Note that microhabitats for southern ribbed mussel populations may be different, and 

include the exposed marsh edge, the edge of interior marsh creeks, the marsh platform 

(i.e., the tall S. alterniflora zone above the marsh edge), and the Spartina patens zone 

(Bertness and Grosholz 1985; Borrero 1987; Franz 2001). Marsh creeks reportedly have 

higher flow velocity than the exposed marsh edges, because the area that water flows 

through is constricted (Bertness 2007; Fagherazzi et al. 2008). Mussels, as well as other 

sessile filter feeding invertebrates, prefer to settle in high flow areas, because food and 

oxygen availability is greater than in low flow areas (Sanford et al. 1996; Leonard et al. 

1998; Widdows et al. 2002; Alfaro 2005). Furthermore, marsh creeks typically have a 
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higher water residence time than exposed marsh edges, because their elevation is lower 

(Friedrichs and Perry 2001), which could lead to longer submergence time for ribbed 

mussels, possibly resulting in increased growth or fecundity (Sanford et al. 1994; 

Leonard et al. 1998). Thus, abiotic variation between exposed edges and creeks of salt 

marshes may lead to measurable differences in ribbed mussel demographic variables, 

such as fecundity, settlement and growth.  

 The main objective of our study was to evaluate differences in population 

dynamics of ribbed mussels between 2 microhabitats, the exposed marsh edge and along 

interior creeks, in salt marshes in Maritime Canada. Specifically, we examined the effect 

of microhabitat on population variables, namely density and population size structure, 

and demographic variables, such as reproduction, settlement, and growth of benthic 

individuals at multiple salt marshes in the Northumberland Strait. We also measured 

temperature and a proxy for water flow along seaward marsh edges and within creeks. 

Our study is the first extensive study of ribbed mussel population dynamics at their 

northern range limit and so provides important baseline information to compare future 

population dynamics, which may be affected by climate change (Walther et al. 2002).  

2.2.0 Materials and methods  

2.2.1 Sites 

We sampled various population and demographic aspects of ribbed mussels 

(Geukensia demissa) at 3 focal salt marshes located along the southeast coast of New 

Brunswick and Gulf shore of Nova Scotia in the Northumberland Strait: Cape Jourimain 

(46.147N/ 63.825W) and Baie Verte (46.022N/ 64.092W) in New Brunswick, and Fox 
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Creek (45.852N/ 63.486W) in Nova Scotia (Fig. 2-1a). For more information about 

these sites see Virgin and Barbeau (2017a). To assess general patterns beyond our focal 

marshes, we also sampled population variables (density and size structure) of ribbed 

mussels in 5 additional salt marshes on the Gulf shore of Nova Scotia: Pugwash 

(45.851N/ 63.712W), Wallace National Wildlife Area (45.827N/ 63.539W), Malagash 

(45.761N/ 63.338W), Waldegrave (45.722N/ 63.242W), and Brule Point (45.748N/ 

63.212W; Fig. 2-1a). Tidal amplitude ranges from 0.3–2.3 m at these sites. Across-shore 

width ranges from 53–334 m, with the low marsh zone (consisting of saltwater cord 

grass Spartina alterniflora) being approximately ¾ of the width seaward at Cape 

Jourimain, Baie Verte, Pugwash, and Waldegrave, ½ at Malagash, and ¼ at Fox Creek, 

Wallace National Wildlife Area, and Brule Point.   

Within each site, we sampled 4 spatial blocks, each consisting of a 20-m transect 

along both the seaward edge of the marsh (which is located along the main tidal channel 

or exposed to the open bay), and the edge of a marsh creek (Fig. 2-1b). These paired 

microhabitats in each spatial block are hereafter termed “edge” and “creek”, 

respectively. Beyond 0.5–4.0 m into the marsh, but still within the S. alterniflora zone, 

ribbed mussel densities sharply decrease to < 1 individual m−2. We randomly selected 

spatial blocks based on the following criteria: the spatial blocks (i) contained adequate 

densities (i.e., densities representative of the rest of the site) of ribbed mussels and S. 

alterniflora, and were muddy (not sandy), (ii) included an exposed marsh edge and a 

creek adjacent to each other, (iii) were distributed throughout the marsh, and (iv) were 

separated by at least 125 m (range: 125–411 m, mean: 245 m) to have an adequate 



 

14 

 

spatial extent. 

2.2.2 Population variables of ribbed mussels: density and size structure 

To determine the effect of microhabitat type on populations of ribbed mussels in 

the focal sites and additional sites, we quantified mussel densities by randomly placing 5 

or 3 quadrats, respectively, on a 20-m transect along the exposed marsh edge and creek 

in each spatial block, at low tide (totalling 40 quadrats per focal site or 24 quadrats per 

additional site). Quadrats were at least 2 m apart. Focal sites were sampled in mid to late 

summer 2015 and 2016 (6 or 7 August 2015 and 13 or 14 September 2016) and 

additional sites were only sampled in mid-summer 2016 (8 or 9 July 2016). To quantify 

population size structure, we measured shell length (SL, the longest length between the 

anterior and posterior tips of the shell, ± 0.02 mm using digital calipers). In each focal 

site, we measured SL of each ribbed mussel in 3 of 5 randomly selected quadrats per 

microhabitat per spatial block (totalling 24 quadrats site-1); in each additional site, we 

measured SL of every ribbed mussel sampled. Note that SL was not measured in 2 

spatial blocks at Waldegrave due to rising tides; mussel density was measured in all 4 

spatial blocks.  

2.2.3 Reproductive cycle and fecundity in ribbed mussels: histology of gonads 

To examine the effect of microhabitat type on the reproductive cycle, including 

gametogenesis, spawning, and fecundity of ribbed mussels, we collected adult mussels 

(> 20 mm SL) in a random stratified manner by making use of our spatial blocks at each 

of the focal sites. Specifically, we collected 2–4 mussels in each microhabitat-spatial 

block combination by haphazardly collecting one mussel every 5–10 m (totaling 20 
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mussels site-1, i.e., 10 per microhabitat type); this was done every 2 wk from 13 May–4 

October 2015. We unbeknownst collected some dead mussels (shells filled with mud 

and valves closed, resembling a live mussel), and occasionally shells broke and tore the 

gonad during dissection, rendering the gonad unusable. Thus, we had 8–10 mussels per 

microhabitat-site-date combination. In subsequent data analysis, we did not include the 

factor spatial block, as it was merely used to have a stratified sampling design in the 

field.  

To perform histological analysis, live mussels were immediately refrigerated and 

their gonads were removed and preserved within 3 d of collection. One gonad per 

mussel was histologically prepared as described in Virgin and Barbeau (2017a), sexed to 

estimate sex ratios of our mussel populations, and identified for development stage as 

described in Brousseau (1982) and Virgin and Barbeau (2017a). Female gonads were 

further examined to quantify number of oocytes (no. per field of view (FOV) under 

compound microscope at 100x magnification; the area of 1 FOV was 2.6 mm2) and size 

of oocytes (as cross-sectional area, μm2). Oocyte area was calculated as an ellipse using 

the longest radius and the radius 90° from it, for oocytes that were sectioned through the 

cell’s nucleus. We made 6 slides per female gonad to view sections throughout a whole 

gonad. Within each slide, we randomly selected 3 FOV to count oocyte density, and 3 

appropriate oocytes, to measure their diameter. Because we accidentally broke some 

slides during preparation, we had 16–18 estimates of oocyte density per female. We had 

18 measurements of oocyte diameter per female. Oocyte density and size were also used 

to estimate reproductive output of ripe females, as detailed in Virgin and Barbeau 

(2017a). Note that the 2015 histological data for mussels along the exposed marsh edge 
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were used in Virgin and Barbeau (2017a), along with previous years’ data, to determine 

the timing of gametogenesis and spawning of ribbed mussels near their northern range 

limit. The histological data for the creeks in 2015 has not been published, and are now 

being used to evaluate the effect of microhabitat on the mussels’ reproductive cycle. 

2.2.4 Settlement of ribbed mussels  

To determine the effect of microhabitat type on the settlement period and rate of 

ribbed mussels, we placed 4–6 spat collectors in each microhabitat-spatial block 

combination at each focal site (totalling ~40 collectors site-1) every 2 wk from 27 May–4 

October 2015 and from 17 June–29 September 2016. We used two types of spat 

collectors, either mussel bags, which were a mussel sock (mesh size: 5 mm) with ~90 g 

of ribbed mussel shells inside, or a shower loofah, which has a rough fibrous surface that 

is apparently preferred by blue mussel (Mytilus edulis) spat (Bayne 1965; King et al. 

1990). Each collector was zip-tied to a bamboo stake approximately 5 cm above the 

marsh surface and placed along the marsh edge or creek near the start of the S. 

alterniflora zone. In 2015, we deployed 1 mussel bag per creek and edge and in 2016 we 

deployed 2 mussel bags per creek and edge; all other collectors were shower loofahs. 

Prior to field deployment, spat collectors were soaked in salt water (made using Instant 

Ocean® sea salt) for at least 5 d to promote biofilm growth.  

 Spat collectors were retrieved ~2 wk after deployment, placed in individually 

labelled bags, and new spat collectors deployed at the same locations. Retrieved 

collectors were brought back to the laboratory and refrigerated until they could be sorted 

under a dissecting microscope. Upon sorting, all bivalve settlers were measured using 
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digital calipers and preserved in 95% ethanol for identification. For analysis, the number 

of settlers was standardized to number wk-1 because field retrieval was occasionally 

delayed by 1 or 2 d due to weather or timing of the tides.  

2.2.5 Growth of juvenile and adult ribbed mussels  

We examined the effect of microhabitat type on growth of ribbed mussels in two 

sub-projects. First, while in the field, we found and tagged juvenile ribbed mussels (≤ 30 

mm SL) with a Bee Tag (company: The Bee Works) attached with Gorilla Glue™. 

Tagged mussels were placed back in their original location in the substrate, a survey flag 

was placed 5 cm in-land of their location (for easier recapture), and their location was 

recorded using a Garmin® eTrex 20 GPS. Specifically, we tagged 10 juvenile mussels 

along each of 2 marsh edges and 2 creeks (i.e., 2 of our 4 spatial blocks) at Fox Creek 

(totalling 40 tagged mussels) on 30 May 2016. Once a month until 29 September 2016, 

we found as many of the tagged mussels as possible and measured their shell length and 

width (± 0.02 mm) using digital calipers; shell width was measured across the widest 

part of the shell. Many tagged mussels were not recaptured (recapture rate: 25–38 %), 

even after an extensive search; so on subsequent monitoring dates (28 June, 26 July, and 

26 August), we found and tagged more juvenile mussels to have approximately 10 per 

marsh edge and creek in each of the 2 spatial blocks. Some recaptured mussels were not 

recaptured on each sampling date, so growth (in mm) was measured as total growth 

between deployment and the last recapture.  

Second, in the laboratory, we used growth rings on one valve from each adult 

mussel collected in 2015 for the histological analysis. Analysis of annual rings on 
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bivalve shells to estimate growth rate and age has been done successfully for ribbed 

mussels (from Connecticut; Brousseau 1984) and several other bivalve species including 

mussels Mytilus edulis (Thieson 1973), scallops Placopecten magellanicus (MacDonald 

and Thompson 1985), and clams Panopea zelandica (Breen et al. 1991). Under a 

dissecting microscope, we used digital calipers to measure the distance (± 0.02 mm) 

from the posterior-most tip of the mussel shell to the posterior end of the most recent 

(i.e., first) growth ring; this measurement is indicative of growth during the 2015 

growing season and was not used since it is affected by the date of collection. We then 

measured the distance from the posterior end of the most recent growth ring to the 

posterior end of the next most recent (i.e., second) growth ring to obtain the growth 

increment during the 2014 growing season. We repeated this process to obtain growth 

increments for sequentially earlier growing seasons, until growth rings were either no 

longer visible due to ice damage, or the distance between the oldest (i.e., last) growth 

ring and the umbo had been measured. Thus, shell lengths for this sub-project are 

between a given shell ring and the umbo. We also counted the number of rings on each 

mussel shell to estimate age. Mussel shells were rated as either useable or unusable, 

depending on the amount of damage to the shell. Only data from useable mussel shells 

were used for analysis.   

2.2.6 Abiotic variables in the two microhabitats: temperature and water flow 

To quantify environmental conditions in the two microhabitats, we measured 2 

essential abiotic variables along exposed marsh edges and creeks. First, we monitored 

temperature using iBCod™ temperature loggers (0.5˚C resolution) deployed in 3 of our 
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4 spatial blocks at Fox Creek in 2016. Note that these temperature loggers were in the 

intertidal zone, so they measured both air and water temperature depending on tidal 

state. Within each microhabitat-spatial block combination, we placed 2 replicate 

temperature loggers at each of 3 locations (totalling 18 loggers deployed). Locations 

were: (i) directly above the marsh substratum, among ribbed mussels and S. alterniflora, 

to measure variability directly above the mud (i.e., where the posterior end of a ribbed 

mussel shell would be); (ii) within the marsh substratum, at a depth of ~ 3 cm to 

correspond to the depth of the middle of the ribbed mussels body in the marsh sediment, 

to estimate variability within a ribbed mussel burrow; and (iii) approximately 50 cm 

seaward of the S. alterniflora zone, 5 cm above the mudflat surface, to assess variability 

without ribbed mussels or S. alterniflora. Temperatures were recorded once per hour 

from 28 May–12 July and 8 August–26 October 2016; we did not use the May data 

because temperature loggers were only in the field for 3 full days. For each temperature 

logger, the average temperature per day was calculated, and then the maximum daily 

average temperature for a given month was used for statistical analysis. Maximum daily 

average temperature is a good indicator of high temperature stress in ribbed mussels 

(Helmuth and Hofmann 2001; Jost and Helmuth 2007) and enables us to determine 

which microhabitat is potentially more stressful for ribbed mussels. We also calculated 

the overall average temperature and standard deviation, and a coefficient of variation, 

for each microhabitat-location-month combination as a measure of temperature 

variability among locations and microhabitats. Note that one temperature logger 

malfunctioned above the mudflat in a creek for the May–July period.  
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 Second, we measured amount of dissolution of plaster hemispheres, as a proxy 

for amount of water flow, deployed along the exposed marsh edge and creek in each of 

the 4 spatial blocks in our 3 focal sites every 2 wk from 27 May–4 October 2015 and 

from 17 June–29 September 2016. Note that plaster hemispheres from the late August 

deployment in Baie Verte in 2016 were lost, so late August was excluded from statistical 

analysis. There is a well-documented positive linear relationship between the dissolution 

of plaster and water flow (Muus 1968; Bertness et al. 1991; Sanford et al. 1994; Angradi 

and Hood 1998; D’Amours and Scheibling 2007; Ellis et al. 2015). We moulded each 

plaster hemisphere using one half of a table tennis ball filled with Whip-Mix 

Flowstone™ light blue dental plaster. A 1-mm gauge wire was twisted to form a loop 

and the twisted end was placed into the plaster. Plaster hemispheres were placed into a 

drying oven at 90˚C for 48 h, then removed from their moulds, individually labelled 

with a piece of duct tape on the wire, and weighed (± 0.01 g). Two replicate plaster 

hemispheres were deployed 5–10 m apart within a site-microhabitat-date spatial block 

combination by zip-tying each hemisphere to a bamboo stake ~ 5 cm above the marsh 

surface. Deployment and retrieval of plaster hemispheres was timed with that of spat 

collectors (described above). Upon retrieval, plaster hemispheres were carefully 

transported to the laboratory in individual plastic bags, dried at 90˚C for 48 h, and 

weighed. Note that we occasionally lost plaster hemispheres in the field, resulting in 4–8 

(mean: 6.4) plaster hemispheres retrieved per site-microhabitat-date combination. 

Amount of dissolution was calculated as percent difference (between initial and final) in 

weight, and then standardized for 1 wk (for the same reasons as the settlement data 

described above).  
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2.2.7 Statistical analysis  

To evaluate the effect of microhabitat on population variables, mussel density and 

population size structure at our 3 focal sites were analysed using a mixed model 

ANOVA (Minitab 17; Minitab Inc. 2010) and PERMANOVA (Permutational 

Multivariate Analysis of Variance; PRIMER 6 with PERMANOVA add-on; Anderson 

2001, Clarke 1993), respectively. Year (2 levels), Site (3 levels) and Microhabitat (2 

levels) were fixed factors, and Block (4 levels) was a random factor nested within Site. 

Year and Site were treated as fixed factors to maximize power to look at our factor of 

interest, Microhabitat. Appropriate denominators for F-ratios and Pseudo-F-ratios were 

as explained in Underwood (1997) and Anderson (2001). For the ANOVA, the quadrat 

was the basic unit of replication. Mussel density (no. individuals m-2) was 4th root 

transformed to meet the assumption of homogeneity of variance (verified using 

Cochran’s C-test). The assumption of normality of residuals was assessed visually 

(histograms, probability plots) and met. For the PERMANOVA, mussel numbers were 

categorized into 7 size classes, namely ≤15 (a.k.a. recruits), 15–30, 30–40, 40–50, 50–

60, 60–70, and >70 mm SL. The smallest mussel observed in quadrat sampling was 2.70 

mm SL. We pooled mussel numbers over quadrats within microhabitat-spatial block 

combinations to have enough mussels in each size class. Thus, the basic unit of 

replication for the PERMANOVA was spatial block; this analysis is essentially a split-

plot analysis with the spatial block being the plot or subject factor. We calculated the 

resemblance matrix for the suite of mussel size classes by (i) standardizing each sample 

(spatial block for a given year, site, and microhabitat) to percent composition to be able 

to compare the shape of the distributions independent of the absolute abundances, (ii) 
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converting to cumulative percentages to deal with the inherent serial correlation in size 

frequency distributions, and (iii) using Euclidean distance to have the entire size class 

range contribute to the evaluation of spatial and/or temporal differences in the 

distributions (Clarke and Gorley 2006). A first analysis indicated a significant 

interaction between Year, Site and Microhabitat, and so we conducted subsequent 

PERMANOVAs for each year separately. For the analyses including the 5 additional 

sites in 2016, to generalize beyond our 3 focal sites, a mixed-model ANOVA (for 

mussel density) and PERMANOVA (for population size structure) were similarly 

conducted, but with Site (8 levels) as a random factor, and without a Year factor. To 

assess significant microhabitat differences among sites, we conducted planned contrasts. 

A critical alpha level of 0.05 was used in all analyses. All data were graphed using the 

ggplot2 package (Wickham 2009) in R (R Core Team 2016). 

We calculated the resemblance matrix for the suite of mussel size classes using 

the Bray-Curtis coefficient and untransformed data. A first analysis indicated a 

significant interaction between Year, Site and Microhabitat, and so we conducted 

subsequent PERMANOVAs for each year separately. For the analyses including the 5 

additional sites in 2016, to generalize beyond our 3 focal sites, a mixed-model ANOVA 

(for mussel density) and PERMANOVA (for population size structure) were similarly 

conducted, but with Site (8 levels) as a random factor, and without a Year factor. To 

assess significant microhabitat differences among sites, we conducted planned contrasts. 

All data were graphed using the ggplot2 package (Wickham 2009) in R (R Core Team 

2016). 
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To evaluate the effect of microhabitat on reproductive variables, oocyte density 

(no. FOV-1) and size (μm2) were analysed using a mixed-model ANOVA with Site (3 

levels), Date (8 levels) and Microhabitat as fixed factors. Site was a fixed factor to 

maximize power to examine our factor if interest, Microhabitat. Mussel (1–8 levels) 

nested within the interaction between Site, Date and Microhabitat, and Slide (5–6 levels) 

nested within Mussel were random factors. Significant (P <0.05) fixed interactions were 

investigated further using Tukey’s test. Reproductive output (total number of oocytes 

per ripe female) was analysed using an ANCOVA with shell length as the covariate, and 

Site and Microhabitat as fixed factors. Assumptions of homogeneity of variance and 

normality of residuals were met. The assumption of parallel slopes for the ANCOVA 

was checked by examining all interactions between the covariate and factors, and met. 

To evaluate the effect of microhabitat on the number of settlers (no. collector-1 

wk-1), we used a mixed model ANOVA with Year (2 levels), Site, Microhabitat, and 

Date deployed (7 levels) as fixed factors, and Block as a random factor nested in Site. 

Date deployed was a fixed factor because we were interested in comparing specific dates 

in this analysis. The assumptions of ANOVA were checked and met. Since this data set 

has many zeros, we also conducted a complementary analysis using a PERMANOVA 

(with the addition of a dummy variable and Bray-Curtis coefficient; Anderson 2001), 

and obtained the same interpretation. 

To evaluate the effect of microhabitat on growth of ribbed mussels, we had two 

analyses. For tagged juvenile mussels at Fox Creek in 2016, we conducted an ANCOVA 

on total growth (mm) between initial deployment and the last recapture, with initial shell 
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length and time deployed (in days) as covariates and Microhabitat as a fixed factor. All 

assumptions were checked and met. For measurements from shell rings of adult mussels 

collected in 2015 at the 3 focal sites, we conducted a mixed model ANCOVA on growth 

increment (mm) with initial shell length (from the umbo) at the start of a growing season 

as the covariate. Year of growth (7 levels: 2008–2014), Site and Microhabitat were fixed 

factors. Block nested within Site, and Mussel (245 replicates) nested within the 

interaction between Microhabitat and Block were random factors. Individual mussels 

were measured multiple times (one measurement per Year of growth), and so this 

analysis is a repeated measures analysis. Growth increment was 4th root transformed to 

meet the assumption of homogeneity of variance. The assumption of parallel slopes was 

met. 

To evaluate differences in abiotic conditions between microhabitats, we 

conducted a two-way ANOVA on maximum daily average temperature and on the 

coefficients of variation of temperature for each month at Fox Creek in 2016, with 

Location (3 levels: above marsh substratum, in marsh substratum, above adjacent 

mudflat) and Microhabitat as fixed factors. The analysis was pooled over spatial blocks 

to increase power, and because block was merely used to have a stratified sampling 

design in the field. For percent dissolution of plaster hemispheres, which is an index of 

water flow, we used a mixed model ANOVA with Microhabitat, Year and Site as fixed 

factors, and Date deployed (6 levels) as a random factor. Date deployed is a random 

factor because we were not interested in comparing specific dates in this analysis; i.e., 

there is no biological reason to compare the flow rates among dates. However, we did 
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conduct a variance component analysis to determine which random effects contributed 

most to the observed variance. All ANOVA assumptions were checked and met. Percent 

dissolution data were pooled over spatial blocks because we occasionally lost both 

plaster hemispheres within a given block.   

We conducted power analyses when the effect of microhabitat was not 

significant (Zar 2010). We assessed the ability of our design to detect 50% and 20% 

differences between marsh edges and creeks for: density of ribbed mussels, reproductive 

output per female, ribbed mussel settlement, growth of tagged juvenile mussels, and 

growth measured from shell rings. Note that to calculate power for mussel growth 

(which was analyzed using ANCOVAs), shell growth increments were first standardized 

to growth over 90 d for tagged juveniles and growth for an initial shell length (from the 

umbo) of 55 mm for measurements from shell rings. We calculated the minimum 

detectable difference (δ) for each response variable using the average value (pooled over 

microhabitats) and the appropriate variance from the ANOVA (the denominator MS for 

Microhabitat) to estimate power.  

2.3.0 Results 

2.3.1 Population density and size structure 

Although overall density and size structure of ribbed mussels showed variation 

among our focal sites, the effect of microhabitat did not have a consistent pattern over 

and above variation among spatial blocks (Tables 2-1 and 2-2; Fig. 2-2). At our focal 

sites, mean mussel density was not significantly affected by microhabitat or interactions 
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between it and other fixed factors (Site and Year). Mean density ranged from 11–90 

individuals m-2 along exposed edges, and 26–86 individuals m-2 along creeks over the 2 

sampling years (Table 2-1). Following detection of a significant Year*Site*Microhabitat 

interaction (Pseudo-F2,8 = 3.03, P = 0.030) on population size structure, we found no 

significant effect related to microhabitat in 2015, but found a significant interaction 

between site and microhabitat in 2016, which was driven by one site only (Fox Creek; 

Table 2-2). In that year, Fox Creek had a higher proportion of mid-sized adult mussels 

(40–60 mm SL) along the exposed marsh edges than along creeks (Fig. 2-2). 

Examination of the mean shell lengths also did not indicate much difference between 

microhabitats; mean shell length ranged from 42–57 mm SL on exposed edges and 50–

60 mm SL in creeks (Table 2-1; Fig. 2-2). Depending on the site and year, very large 

mussels (>80 mm SL) could be found along exposed edges or creeks. Slightly less 

mussel recruits (≤ 15 mm SL) were observed on exposed edges (20 of 791 mussels) than 

along creeks (30 of 723 mussels).  

To determine if the patterns were general, we sampled additional sites in 2016 

(for a total of 8 sites, with Site treated as a random factor) and detected no significant 

effect of microhabitat on mussel density (Tables 2-1 and 2-3). Population size structure 

had a significant random interaction between Site and Microhabitat, and well as a 

significant Microhabitat main effect over and above this interaction (note that this main 

effect is interpretable because the Pseudo-F ratio denominator is the Site*Microhabitat 

interaction; Table 2-3; Fig. 2-2 and 2-3). Planned contrasts indicated only one site 

(Pugwash) having a significant microhabitat effect, although many of the sites 
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(including Pugwash) tended to have a greater proportion of mid-sized adults (40-60 mm 

SL) on exposed edges than along creeks (Table 2-3). 

To determine if the patterns were general, we sampled additional sites in 2016 

(for a total of 8 sites, with Site treated as a random factor) and detected no significant 

effect of microhabitat on mussel density (Tables 2-1 and 2-3). Population size structure 

had a significant interaction between site and microhabitat (Table 2-3; Fig. 2-2 and 2-3). 

Planned contrasts indicated that most sites did not have a significantly different 

population structure between microhabitats. However, in this larger sampling extent, 

edges and creeks within Fox Creek in 2016 had a significantly different size structure, 

with more juvenile and small (<20 mm) mussels in edges than creeks (Fig. 2-2).  

Power analysis on mussel density for both our focal sites and all sites indicated 

that we had substantial power (85 or >99%) to detect a 50% difference between 

microhabitats, and moderate to high power (65 or 96%) to detect a 20% difference 

(Table 2-4). That is, we had enough power to detect biologically meaningful differences 

in mussel density between microhabitats, especially in the analysis of the 8 sites.   

2.3.2 Demographic variables 

Reproductive variables of ribbed mussels at the focal sites showed some 

differences between microhabitats. The overall sex ratio of ribbed mussels (pooling over 

focal sites and microhabitats) was 44% female to 56% male. This sex ratio was similar 

for edges and creeks at 44–45% female to 56–55% male. However, the proportion of 

ripe female mussels along exposed edges was higher than in creeks from June 9–July 24, 

but then proportion spawning was similar from 6 August onward (Fig. 2-4). Oocyte 
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density increased from May through July, at which time most mussels were at the ripe 

stage of development. Oocyte density decreased shortly after July, indicating spawning. 

The significant interactions Site*Date and Date*Microhabitat (Table 2-5) for oocyte 

density reflected mussels entering the ripe stage at slightly different times for the 

different sites (24 June–6 August) as well as between the two microhabitats (10 June–24 

July) (Fig. 2-5a, b). Along the marsh edges, the first appearance of ripe females was on 

10 June and all females were ripe on 24 July, which was earlier than in creeks (Fig. 2-4 

and 2-5a, b). Oocyte size increased from May through July, and then reached a plateau 

in August (Fig. 2-5c, d). The significant interactions Site*Date and Site*Microhabitat 

(Table 2-5) reflected variable oocyte sizes among sites and dates, and sites and 

microhabitats, except when most mussels were developing (27 May and 10 June) or ripe 

(6 August).  

Estimated reproductive output of ribbed mussels along exposed marsh edges was 

on average (± SE) 164,000 ± 19,000 mature oocytes female-1 (n = 39), with a range of 

3,600–473,000 (Fig. 2-6). For creeks, average reproductive output was 143,000 ± 20,000 

mature oocytes female-1 (n = 26), with a range of 29,000–382,000. We did not detect a 

significant effect of microhabitat on reproductive output (Table 2-6). However, based on 

our power analysis, we only had moderate (78%) power to detect a 50% difference 

between microhabitats and low (<30%) power to detect a 20% difference (Table 2-4). 

The main reason for this was high variability in reproductive output among the small 

number of ripe female mussels we collected, which could not be explained by the 

covariate shell size (Table 2-6; i.e., the number of ripe females we collected was too 

small to get a good representation of this highly variable process). The coefficients of 
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variations for reproductive output along edges and creeks were 73 and 71%, 

respectively.   

Settlement of ribbed mussels at the focal sites occurred from early July through 

to late September, and was low overall (mean ± SE: 0.013 ± 0.002 settlers collector-1 

wk-1, n = 1458 collectors during the settling period) and highly variable between 

microhabitats, among and within sites (Fig. 2-7; range of coefficient of variation: 570–

720 % during the settlement period). Although we collected more settlers in creeks than 

edges in both 2015 and 2016 (Fig. 2-7; Table S2-1), we did not detect a significant effect 

of microhabitat (Table. 2-7). Based on our power analysis, we had very low power (< 

30%) to detect a 50% or 20% difference in settlement between microhabitats (Table 2-

4). As well, we observed substantial variation in settler size, with shell lengths ranging 

from 0.80–15.00 mm SL in 2015, and 1.79–18.30 mm SL in 2016. Large settlers (> 5 

mm SL) were collected throughout summer and may indicate secondary settlement, 

whereas small settlers (< 5 mm SL) were only collected in late summer; at settlement, 

ribbed mussels are ~ 200 µm shell length (Chapter 4). Most settlers were collected from 

mussel bags (12/17 in 2015 and 17/20 in 2016; Table S2-1).  

Growth of tagged juvenile ribbed mussels increased throughout the summer (Fig. 

2-8), but was not significantly affected by the covariate initial shell length (Table 2-8). 

Juvenile growth rate for a 90-day summer period ranged from 1.69–5.11 mm. It was also 

not significantly affected by microhabitat type (Table 2-8; Fig. 2-8). We had excellent 

(98%) power to detect a 50% difference in growth of tagged juveniles (adjusted for a 90-

d period) (Table 2-4). Our power was low (40%) to detect a 20% difference; note that 



 

30 

 

such a small difference (0.57 mm) is not very meaningful biologically, because juvenile 

ribbed mussels grow rapidly (at least 0.56 mm per 30 d).  

Growth of ribbed mussels throughout their life, measured from shell rings, 

decreased as shell length increased (Fig. 2-9; significant covariate Length at start of 

growing season in Table 2-8). For an adult with shell length adjusted to 55 mm from the 

umbo, growth increment over a growing season ranged from 0.33–1.81 mm. Growth 

increment during a growing season was also significantly affected by Year of growth 

(indicating annual variability) and Site, but not by Microhabitat (Table 2-8; Fig. 2-9). 

We had excellent (>99%) power to detect 50 and 20% differences in growth increment 

of mussels, measured from shell rings, between microhabitats (Table 2-4). 

2.3.3 Abiotic conditions 

Temperature was highly variable among locations within and between 

microhabitats at Fox Creek, but was typically more variable along exposed marsh edges 

(range of coefficient of variation: 9–41%) than along creeks (8–22%) (Fig. 2-10; Table 

2-9). For both edges and creeks, temperature was most variable above the marsh 

substratum (range of coefficient of variation: 10–41%) among ribbed mussels and above 

the adjacent mudflat (8–37%), and least variable in the marsh substratum (8–24%) (at 

the same depth as a ribbed mussel; Fig. 2-10). Overall, hourly temperatures varied more 

widely on the edges (range: 0.5–47.0˚C, pooling over locations and dates) than in the 

creeks (3.0–36.5˚C). As well, hourly temperatures were on average higher on the edges 

(mean: 17.73˚C pooling over locations and dates) than creeks (16.98˚C). The maximum 

daily average temperature for a given month during the growing season was 
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significantly higher in edges than creeks (Table 2-9). We also detected a significant 

difference in maximum daily average temperature in June among locations (Table 2-9); 

it was significantly lower in the marsh substratum than above the marsh substratum or 

above the mudflat. This trend was marginally non-significant (P = 0.051) in July and 

continued throughout our monitoring period (Fig. 2-10)  

Dissolution of plaster (a measure of amount of water flow) at the focal sites was 

temporally and spatially variable at all scales (years and dates within a year, and sites 

and microhabitats) (Fig. 2-11; Table 2-10). Specifically, percent dissolution of plaster 

was less along marsh edges (mean dissolution of plaster wk-1 = 34–36%) than in creeks 

(39–45%). As well, creeks at Baie Verte and Cape Jourimain had less dissolution (39% 

at each site) than Fox Creek (45%) (Fig. 2-11; Table 2-10). Temporally, Date and the 

interaction Year*Date accounted for 6–18% of the random variation in plaster 

dissolution. Spatially, deployment locations of the plaster hemisphere (the error term) 

accounted for the majority (68%) of the random variation.  

2.4.0 Discussion  

2.4.1 Why might differences in water flow not lead to differences in population dynamics 

of ribbed mussels?  

Despite significant differences in water flow and temperature between 

microhabitats (exposed marsh edges versus marsh creeks) in salt marshes in Maritime 

Canada, we did not observe a strong effect of microhabitat on population dynamics of 

ribbed mussels (Geukensia demissa). We expected to observe higher population 

densities, and increased individual growth, reproductive output, settlement, and 
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recruitment in the higher flow microhabitat (i.e., along creeks), as has been observed in 

barnacles (Bertness et al. 1991; Leonard et al. 1998). Although the number of ribbed 

mussel settlers and recruits was low, they tended to be more abundant along creeks, 

potentially due to increased water flow (Leonard et al. 1998). However, individual 

growth of ribbed mussels was highly variable within and among sites, and not affected 

by microhabitat type. Other demographic variables showed a small reversed effect, such 

as a slightly delayed onset of gametogenesis and generally smaller oocytes along creeks 

than exposed marsh edges, although oocyte size was variable between microhabitats 

among sites, or a trend towards lower reproductive output. Leonard et al. (1998) 

similarly observed that individual growth of blue mussels (Mytilus edulis) was not 

affected by increased flows, unlike barnacles (Semibalanus balanoides), potentially due 

to differences in the way mussels and barnacles feed. Mussels are active filter feeders, 

whereas barnacles are often passive filter feeders (Trager et al. 1990). Particle capture in 

mussels is not a linear function of water flow (Wildish and Saulnier 1993; Leonard et al. 

1998; Widdows et al. 2002), and so water flow may have a smaller effect on mussel 

feeding rates than barnacle feeding rates. Further, ribbed mussels do not filter more food 

particles when they are submerged for longer periods of time than regular tidal 

inundation (Kreeger et al. 1990). In sum, growth and reproductive output in mussels 

probably depends more on food quality than food quantity.  

Food quality and quantity may be a major contributing factor to within marsh 

variability in ribbed mussel demography. For bivalves, food quality typically refers to 

the concentration of lipids in food particles, which are then used in building mussel 

reproductive tissue (Fearman et al. 2009). Particles rich in lipids are more dense along 
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the main tidal channel of the marsh (i.e., the exposed marsh edge) than the interior 

marsh in Massachusetts salt marshes (Peterson et al. 1985). Although, ribbed mussels do 

exhibit highly variable growth within and among sites from Maritime Canada to Georgia 

(e.g., Franz and Tanacredi 1993), the effect of food quality on ribbed mussel growth is 

unknown. Food quality is known to effect growth and fecundity of other bivalves such 

as scallops Placopecten magellanicus (MacDonald and Thompson 1985), and mussels 

Mytilus galloprovincialis (Fearman et al. 2009) and Mytilus edulis (Bayne et al. 1978). 

Furthermore, M. edulis that are deprived of food produce fewer and smaller ova (Bayne 

et al. 1978). Our observation of smaller oocyte size and the tendency for lower 

reproductive output in ribbed mussels in creeks than exposed marsh edges may be 

associated with food quality. Further studies on ribbed mussels in Maritime Canada 

should focus on food utilisation and quality to clarify the relationships with demographic 

variables.   

Our observations about ribbed mussel settlers need to be treated with caution, 

because of the likely presence of secondary settlers. Secondary settlement refers to 

juvenile mussels that detach from their original settlement surface and are carried in the 

water column to a different area (Geesteranus 1942; Bayne 1964). We suspect there 

were secondary settlers because we collected large (up to 18 mm SL) settlers on our spat 

collectors when we did not observe ribbed mussels spawning (e.g., early July). Because 

larval ribbed mussels take at least 16 d to settle in Maritime Canada (Virgin et al. in 

review, Chapter 3) and most female ribbed mussels were not spawning until early 

August, we should not have collected any primary settlers until mid- or late August. 

Thus, we likely observed secondary settlement of ribbed mussels throughout July and 
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early August. Primary settlement likely started in mid-late August and continued 

through September. Secondary settlement, coupled with generally low primary 

settlement, may have obscured any potential effect of microhabitat (and associated 

abiotic variables) on the primary settlement rates of ribbed mussels. As well, overall low 

settlement rates likely reflect low and patchy adult abundances; fertilisation success and 

recruitment are typically low when adult densities are low and patchy (Levitan 1991).  

2.4.2 Temperature variability and how it might affect ribbed mussel demography  

 The exposed edges of salt marshes in Maritime Canada have higher temperatures 

in the summer than creeks, which may make them a more suitable microhabitat for 

ribbed mussels than originally thought. We had expected the exposed edge to be a more 

stressful area for ribbed mussels than creeks for various reasons, including lower water 

flow and greater exposure to weather and waves. However, certain demographic 

variables suggest the reverse: mussels along the exposed edges were developing oocytes 

earlier and generally had increased oocyte sizes, although this was different among sites, 

as well as tended to have a higher reproductive output than mussels along creeks. Adult 

blue mussels, release smaller and fewer eggs at sub-optimal temperatures and larger and 

more eggs at optimal temperatures (Bayne et al. 1978). However, the variability we 

observed among reproductive variables of ribbed mussels at different sites suggests there 

could be site specific differences in food supply or temperature, which may affect oocyte 

density and size. In addition, growth of mussels was similar between microhabitats, 

further supporting the suitability of exposed edges. Despite their location in the intertidal 

zone, ribbed mussels are well buffered against temperature fluctuations, being mostly 
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sheathed in sediment (Jost and Helmuth 2007); nevertheless, daily variation can still be 

considerable. We observed temperature swings of up to 30°C above the salt marsh 

sediment and 10°C in the sediment in a 24-h period. Ribbed mussels in Maritime 

Canada experience far lower air and water temperatures than ribbed mussels in southern 

New England and further south in the USA (NOAA 2018). Perhaps, because summer 

water and air temperatures in Maritime Canada are so far below what ribbed mussels 

experience in further south, increased temperatures along the exposed marsh edge are 

beneficial. Increased temperature along the marsh edge may thus partially explain why 

we observed more and larger oocytes in mussels collected along the marsh edge than 

creeks.      

2.4.3 Conclusions 

 Although creeks in Maritime Canadian salt marshes have greater water flow and 

less variable average daily maximum temperatures for a given summer month than 

exposed marsh edges, this does not translate into consistent differences in population 

density and structure of ribbed mussels in these microhabitats. We did collect more 

settlers and observed lower reproductive output in creeks than marsh edges, although 

these differences were not significant. As well, we observed that average oocyte density 

and size were variable among sites and between microhabitats within sites, but 

individual growth was similar (and variable) between microhabitats. It appears that 

different abiotic characteristics in the different microhabitats enhance different 

demographic variables, resulting in population dynamics that are not substantially 

different. Further, ribbed mussel demography in the two microhabitats may be 
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differentially affected by other non-measured factors, such as food availability (Bayne et 

al. 1978), food quality (Fearman et al. 2009), low temperatures (MacDonald and 

Thompson 1985) or winter disturbance (Hardwick-Witman 1985). We demonstrated that 

ribbed mussel population dynamics are similar between the exposed edge and creek 

microhabitats in salt marshes in Maritime Canada. This simplifies the next step which is 

to develop mathematical models to examine the population dynamics and sustainability 

of ribbed mussels in Maritime Canada. Furthermore, our study provides the first 

rigorous assessment of ribbed mussel population dynamics near their northern range 

limit.  
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Tables 

Table 2-1. Mean (± SE) density and shell length of benthic ribbed mussels (Geukensia 

demissa) from 2 microhabitats (exposed marsh edge and creek) in 8 sites (see Fig. 1) in 

the Northumberland Strait, Canada, in 2015 and 2016. For mussel density, n = 20 and 12 

quadrats per microhabitat-site combination at the focal sites (CJ, BV, FC) and additional 

sites, respectively. For shell length, n = 17–229 individuals (mean = 104) per 

microhabitat-site combination, and is indicated in parenthesis in the table. 

 

Year Site 

Density  

as no. individuals m-2 

 Shell length in mm 

(no. individuals measured) 

Edge Creek  Edge Creek 

2015 CJ 56.6 ± 1.9 63.0 ± 1.0  56.8 ± 0.9 (130) 59.8 ± 1.0 (169) 

 BV 14.2 ± 0.7 34.4 ± 1.0  53.5 ± 2.0 (49) 58.8 ± 0.8 (119) 

 FC 90.0 ± 3.3 46.0 ± 1.6  41.7 ± 1.1 (229) 52.6 ± 1.7 (114) 

2016 CJ 31.8 ± 1.0 86.2 ± 2.2  56.2 ± 1.1 (100) 56.1 ± 0.8 (226) 

 BV 11.6 ± 0.5 26.8 ± 0.8  56.1 ± 1.3 (53) 52.4 ± 1.3 (96) 

 PW 3.0 ± 0.2 5.3 ± 0.3  42.07 ± 3.6 (17) 53.15 ± 3.4 (20) 

 WNWA 8.3 ± 0.4 37.3 ± 1.5  50.87 ± 2.3 (29) 53.39 ± 1.4 (114) 

 FC 71.7 ± 1.9 81.3 ± 4.7  43.3 ± 1.2 (193) 50.4 ± 1.2 (196) 

 MG 7.7 ± 0.3 6.7 ± 0.4  44.57 ± 2.6 (28) 61.04 ± 2.0 (27) 

 WG 120.7 ± 2.5 56.4 ± 1.8  44.82 ± 1.2 (165) 55.1 ± 1.5 (86) 

 BP 15.7 ± 0.7 25.7 ± 1.2  45.18 ± 1.6 (48) 51.34 ± 1.3 (79) 
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Table 2-2. Results of mixed-model ANOVA and PERMANOVA for density (no. individuals m-2, 4th root transformed) and 

population size structure (cumulative percent of individuals in each size class), respectively, of ribbed mussels (Geukensia 

demissa), in 2 microhabitats (edge and creek) at 3 focal sites (Cape Jourimain, Baie Verte and Fox Creek) in the 

Northumberland Strait, Canada, in summer 2015 and 2016. Size classes for the PERMANOVA were ≤15, 15–30, 30–40, 40–

50, 50–60, 60–70, and >70 mm SL. For the PERMANOVA, each year was analysed separately because of a significant 

Year*Site*Microhabitat interaction in a previous analysis. Site in these analyses is a fixed factor. Sampling was done using a 

random block design, with an exposed marsh edge and a creek in each spatial block. For mussel density, n = 5 quadrats per 

microhabitat-site-spatial block combination. For population structure, data were pooled over quadrats, and so the analysis is a 

split-plot design with spatial block as the plot factor. Planned contrasts compare microhabitat types for each site when 

significant. Significant and interpretable fixed effects in bold; those marginally non-significant in italics.   
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Response variables Sources of variation  df MS F P 
 

Mussel density Year  1 1.00E-01 0.10 0.760 

 

  

Site  2 2.19E+01 11.98 0.003 

 

  

Microhabitat  1 4.40 1.60 0.238 

 

  

Year*Site  2 9.08E-01 0.90 0.441 

 

  

Year*Microhabitat  1 4.30E-03 <0.01 0.963 

 

  

Site*Microhabitat  2 7.83E+00 2.84 0.110 

 

  

Year*Site*Microhabitat  2 9.60E-01 0.51 0.616 

 

  

Block(Site)  9 1.83 4.04 <0.001 

 

  

Year*Block(Site)  9 1.01 2.24 0.021 

 

  

Microhabitat*Block(Site)  9 2.75 6.09 <0.001 

 

  

Year*Microhabitat*Block(Site)  9 1.88 4.15 <0.001 

 

  

Error  193 4.53E-01 

   
 

Year 
 

Site 
  

Pseudo-F 
 

No. permutations 

Cumulative  2015 Site  2 5.30E+03 4.02 0.053 787 

percent of   

 

Microhabitat  1 2.51E+03 2.58 0.096 998 

individuals in 
 

Site*Microhabitat  2 1.65E+03 1.70 0.196 998 

each size class 

 

Block(Site)  9 1.32E+03 
   

  

Microhabitat*Block(Site)  9 9.73E+02 
  

 

 
  

 
     

 

2016 Site  2 4.27E+03 2.81 0.049 993 

  

Microhabitat  1 3.38E+03 4.03 0.053 999 

 
 

Site*Microhabitat  2 5.40E+03 6.44 0.011 999 

  Planned contrasts CJ 1 2.54E+03 1.39 0.273 999 

   BV 1 1.38E+03 0.75 0.442 999 

   FC 1 1.01E+04 10.30 0.003 999 

  

Block(Site)  9 1.55E+03 
   

 

  Microhabitat*Block(Site)  9 8.38E+02       

4
0
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Table 2-3. Results of a mixed-model ANOVA and PERMANOVA for density (no. individuals m-2, 4th root transformed) and 

population size structure (cumulative percent of individuals in each size class), respectively, of ribbed mussels (Geukensia 

demissa) from 2 microhabitats (edge and creek) at 8 sites (Cape Jourimain, Baie Verte, Pugwash, Wallace National Wildlife 

Area, Fox Creek, Malagash, Waldegrave, Brule Point) in the Northumberland Strait, Canada, in summer 2016. Size classes 

for the PERMANOVA are ≤15, 15–30, 30–40, 40–50, 50–60, 60–70, and >70 mm SL. Site in these analyses is a random 

factor. For mussel density, n = 3–5 quadrats per microhabitat-site-spatial block combination. For population size structure, 

data pooled over quadrats, and so the analysis is a split-plot design with spatial block as the plot factor. Planned contrasts 

compare microhabitat types for each site. Significant and interpretable fixed effects in bold; those marginally non-significant 

in italics.   
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Response variables Sources of variation df MS F P   

Mussel density Site 7 1.69E+01 13.37 <0.001 

 
 

Microhabitat 1 9.20E-01 0.32 0.589 

  Site*Microhabitat 7 2.87 1.97 0.102 

  Block(Site) 24 1.26 2.65 <0.001 

 

 

Microhabitat*Block(Site) 24 1.45 3.05 <0.001 

 

 

Error 175 4.80E-01 

   
  

 Site 
  

Pseudo-F 
 

No. permutations 

Cumulative percent Site 7 2.30E+03 1.17 0.318 999 

of individuals in Microhabitat 1 2.60E+04 6.97 0.023 999 

each size class Site*Microhabitat 7 3.83E+03 2.34 0.031 999 

 
Planned contrasts CJ 1 4.76E+03 2.27 0.094 998 

 
BV 1 6.70E+03 3.22 0.058 997 

 
PW 1 6.24E+03 3.25 0.049 998 

 
WNWA 1 2.16E+03 0.99 0.356 998 

 
FC 1 3.83E+03 1.79 0.153 999 

 
MG 1 6.20E+03 2.91 0.068 999 

 WG 1 5.77E+01 0.03 0.998 999 

 BP 1 6.29E+02 0.29 0.787 999 

 Block(Site) 21 1.97E+03 
   

  Microhabitat*Block(Site) 19 3.11E+04                         

 

  

4
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Table 2-4. Power analysis for different response variables for ribbed mussels (Geukensia demissa) that showed no statistically 

significant effect of microhabitat type (exposed marsh edge and creeks) in salt marshes in the Northumberland Strait, Canada. 

Power calculated for a = 0.05, k = 2 groups, n = number of appropriate replicate units, minimum detectable difference (δ) of 

50% and 20% of the average reference value, and the error degree of freedom and error MS (a.k.a. variance, s2) from the 

appropriate statistical tables (e.g., Tables 2 and 3; Zar 2010). Reference values were calculated as an overall average. To 

calculate power for mussel growth (which was analyzed using ANCOVAs), growth rates were first standardized to growth 

over 90 d for tagged juveniles and growth increments for an initial shell length (from the umbo) of 55 mm for measurements 

from shell rings. † indicates the power analysis was done on 4th root transformed data. 

 

 

 

 

Response variable 

Average 

referenc

e value 

n 

(unit type) 
s2 

dferro

r  

50% difference   20% difference 

δ Power  

 

δ Power  

Mussel density (no. m-2) (Site = 

fixed factor, 3 sites) 

51 12  

(spatial blocks) 

2.75† 9 2.25† 85%  1.79† 65% 

Mussel density (no. m-2) (Site = 

random factor, 8 sites) 

37 32  

(spatial blocks) 

2.87† 7 2.08† >99%  1.65† 96% 

Reproductive output (oocytes 

per ripe female mussel) 

156000 33  

(mussels) 

1.25E+1

0 

57 78000 80%  3120

0 

<30% 

Mussel settlement (no. collector-

1 wk-1)  

1.16E-02 12 

(spatial blocks) 

6.76E-03 9 5.80E-03 <30% 

 

2.32

E-03 

<30% 

Growth of tagged juveniles (mm 

90 d-1) 

2.86 15  

(mussels) 

0.757 28 1.43 98%  0.57 40% 

Growth measured from shell 

rings (mm per growing season, 

for 55 mm initial SL from 

umbo) 

1.27 

12 

(spatial blocks) 

0.061† 9 0.89† >99% 

 

0.71† >99% 
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Table 2-5. Results of mixed model ANOVAs for oocyte density (no. per field of view (FOV)) and size (µm2 cross-sectional 

area) of female ribbed mussels (Geukensia demissa) in 2 microhabitats (edge and creek) at 3 sites (Cape Jourimain, Baie 

Verte, and Fox Creek) in the Northumberland Strait, Canada, in 2015. Site is a fixed factor; Date is for the 8 collection dates. 

Data are pooled over spatial blocks. For oocyte density, n = 2–3 FOV per slide x 6 slides = 16–18 FOV per mussel; for oocyte 

size, n = 3 oocytes per slide x 6 slides = 18 oocytes per mussel. Significant and interpretable fixed effects in bold. Post hoc 

comparisons are focused on comparing microhabitats. Microhabitats that did not differ significantly share a common 

underline. 
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Response variable Sources of variation df MS F P 

Post hoc comparisons 

(listed in increasing 

order) 

Oocyte density Site 2 1.65E+03 0.28 0.758  

 

Date 7 2.78E+05 46.82 <0.001  

 

Microhabitat 1 3.35E+04 5.66 0.019  

 

Site*Date 14 2.22E+04 3.74 <0.001  

 

Site*Microhabitat 2 1.41E+04 2.38 0.096  
 

Date*Microhabitat 7 1.73E+04 2.92 0.007  

May 27:  Creek  Edge 

June 10:  Creek  Edge   

June 24:  Edge  Creek   

July 9:     Creek  Edge   

July 24:   Creek  Edge   

Aug 6:     Edge  Creek     

Aug 20:   Edge  Creek 

Sept 6:     Creek  Edge   

 

Site*Date*Microhabitat 14 7.96E+03 1.34 0.189  

 

Mussel(Site*Date*Microhabitat) 150 5.93E+03 4.36 <0.001  

 

Slide(Mussel(Site*Date*Microhabitat) 985 1.36E+03 1.10 0.038  

 

Error 2376 1.24E+03 

 
 

 

       

Oocyte area  Site 2 4.26E+05 0.20 0.821  

  Date 7 7.18E+07 33.18 <0.001  

 Microhabitat 1 4.95E+06 2.29 0.133  

 Site*Date 14 4.18E+06 1.93 0.027  

 

Site*Microhabitat 2 9.79E+06 4.52 0.012 

CJ:   Creek  Edge   

BV:  Edge  Creek   

FC:   Creek  Edge   

4
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 Date*Microhabitat 7 2.77E+06 1.28 0.263  

 Mussel(Site*Date*Microhabitat) 153 2.16E+06 8.75 <0.001  

 Slide(Mussel(Site*Date*Microhabitat) 1005 2.47E+05 1.35 <0.001  

 Error 2430 1.83E+05    
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Table 2-6. Results of a fixed-factor, two-way ANCOVA for reproductive output 

(total number of oocytes) per ripe female ribbed mussel (Geukensia demissa) in 2 

microhabitats (edge and creek) at 3 sites (Cape Jourimain, Baie Verte, and Fox 

Creek) in the Northumberland Strait in summer 2015. The covariate is mussel 

shell length (mm). Data pooled over spatial blocks. n = 5–19 ripe female mussels 

per microhabitat-site combination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sources of variation df MS F P 

Shell length 1 3.26E+09 0.260 0.611 

Site 2 3.40E+10 2.719 0.074 

Microhabitat 1 3.55E+09 0.284 0.596 

Site*Microhabitat 2 5.18E+09 0.414 0.663 

Error 57 1.25E+10 
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Table 2-7. Results of mixed model ANOVA for settlement (no. settlers collector-1, 

standardized per week) of ribbed mussels (Geukensia demissa) in 2 microhabitats 

(edge and creek) at 3 sites (Cape Jourimain, Baie Verte, and Fox Creek) in the 

Northumberland Strait, Canada in 2015 and 2016. Site is a fixed factor; Date is for 

the 7 deployment dates y-1. n = 4–6 spat collectors per microhabitat-site-spatial 

block-date combination. Significant and interpretable fixed effects in bold.   

 

Sources of variation df MS F P 

Year 1 3.25E-03 4.02E-01 0.542 

Site 2 2.74E-02 4.33E+00 0.048 

Date  6 1.58E-02 3.68E+00 0.004 

Microhabitat 1 2.61E-02 3.85E+00 0.081 

Year*Site 2 3.79E-03 4.70E-01 0.640 

Year*Date  6 1.14E-02 1.84E+00 0.108 

Year*Microhabitat 1 1.18E-04 1.41E-02 0.908 

Site*Date  12 8.04E-03 1.87E+00 0.059 

Site*Microhabitat 2 4.32E-03 6.38E-01 0.551 

Block(Site) 9 6.31E-03 1.02E+00 0.425 

Date retrieved*Microhabitat 6 7.33E-03 9.28E-01 0.482 

Year*Site*Date  12 5.47E-03 8.84E-01 0.568 

Year*Site*Microhabitat 2 7.00E-03 8.39E-01 0.463 

Year*Block(Site) 9 8.07E-03 1.30E+00 0.233 

Year*Date *Microhabitat 6 6.00E-03 1.06E+00 0.399 

Site*Date *Microhabitat 12 1.36E-02 1.72E+00 0.088 

Date *Block(Site) 54 4.30E-03 6.92E-01 0.957 

Microhabitat*Block(Site) 9 6.76E-03 1.09E+00 0.368 

Year*Site*Date retrieved*Microhabitat 12 6.76E-03 1.19E+00 0.313 

Year*Date *Block(Site) 54 6.18E-03 9.95E-01 0.486 

Year*Microhabitat*Block(Site) 9 8.35E-03 1.34E+00 0.210 

Date *Microhabitat*Block(Site) 54 7.90E-03 1.27E+00 0.092 

Year*Date *Microhabitat*Block(Site) 54 5.67E-03 9.13E-01 0.654 

Error 1362 6.22E-03 
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 Table 2-8. ANCOVA results for shell growth (mm) of ribbed mussels (Geukensia demissa) from 2 microhabitats (edge and 

creek), based on tagged juveniles at Fox Creek in summer 2016 and on shell rings of mussels collected at 3 sites (Cape 

Jourimain, Baie Verte, Fox Creek) in 2015, in the Northumberland Strait, Canada. For the analysis with tagged juvenile 

mussels, there are 2 covariates: initial shell length (i.e., shell length when they were first deployed) and total time deployed 

(i.e., number of days between initial deployment and last recapture). n = 19 and 11 retrieved juveniles in the exposed edge and 

creeks, respectively. For the analysis of shell rings, the covariate is shell length (measured from the umbo) at the start of each 

growing season, and Site is a fixed factor. n = 3–20 adult mussels per spatial block; this analysis is a repeated measures design 

because each mussel was measured in each year of growth (2008–2014). Significant and interpretable fixed effects in bold.   

 

 

 

 

 

 

 

 

 

 

Response Sources of Variation df MS F P 

Growth of Initial shell length 1 6.66E-01 0.84 0.367 

tagged  Total time deployed 1 2.04E+01 25.87 <0.001 

juveniles Microhabitat 1 7.25E-01 0.92 0.347 

 

Error 26 7.90E-01 

  Growth  Length (from umbo) at start of growing season 1 6.82E+00 515.33 <0.001 

measured from Site 2 2.51E-01 2.18 0.169 

shell rings Microhabitat 1 3.45E-02 0.57 0.470 

 

Year of growth 6 3.06E-01 19.46 <0.001 

 

Site*Microhabitat 2 3.33E-02 0.55 0.595 

 

Site*Year of growth 12 1.85E-02 1.18 0.322 

 

Microhabitat*Year of growth 6 6.92E-03 0.57 0.750 

 

Site*Microhabitat*Year of growth 12 1.44E-02 1.19 0.314 

 

Block(Site) 9 1.15E-01 1.01 0.431 

 

Microhabitat*Block(Site) 9 6.07E-02 0.53 0.849 

 

Year of growth*Block(Site) 54 1.57E-02 1.19 0.166 

 

Microhabitat*Year of growth*Block(Site) 54 1.21E-02 0.91 0.654 

 

Mussel(Microhabitat*Block(Site)) 221 1.14E-01  

 

Year of growth*Mussel(Microhabitat*Block(Site)) 1325 1.32E-02  
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Table 2-9. Results of fixed-factor, two-way ANOVAs for maximum daily average 

temperature for a given month (oC) and the coefficient of variation of temperature (%) in 

2 microhabitats (edge and creek) and 3 locations within microhabitats (above the marsh 

substratum, in the marsh substratum, and above the adjacent, seaward mudflat) at Fox 

Creek in the Northumberland Strait, Canada, in 2016. Coefficient of variation was 

calculated as the SD of hourly temperatures for a month divided by the mean for that 

month * 100. n = 5–6 temperature loggers per microhabitat-location combination (data 

pooled over spatial blocks); note that one temperature logger malfunctioned in June and 

July. The dates monitored for each month were: 1–30 June, 1–12 July, 8–31 August, 1–

30 September, and 1–26 October. Significant and interpretable fixed effects in bold. 
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Response 

variable 
Month Sources of variation df MS F P 

Maximum  June Microhabitat 1 44.5 31.94 <0.001 

daily average  Location 2 14.01 10.05 0.003 

temperature Microhabitat*Location 2 4.58 3.29 0.076 

for a given 
 

Error 11 1.39 

  month July Microhabitat 1 33.35 16.6 0.002 

  

Location 2 7.93 3.95 0.051 

  

Microhabitat*Location 2 2.21 1.1 0.368 

  

Error 11 2.01 

  

 

August Microhabitat 1 32.36 9.92 0.008 

  

Location 2 8.53 2.62 0.114 

  

Microhabitat*Location 2 4.07 1.25 0.321 

  

Error 12 3.26 

  

 

September Microhabitat 1 46.13 18.06 0.001 

  

Location 2 7.96 3.11 0.081 

  

Microhabitat*Location 2 2.97 1.16 0.346 

  

Error 12 2.56 

  

 

October Microhabitat 1 43.56 19.4 0.001 

  

Location 2 6.47 2.88 0.095 

  

Microhabitat*Location 2 3.13 1.39 0.286 

    Error 12 2.25     
       

Coefficient of June Microhabitat 1 111.91 13.22 0.004 

variation of  

 

Location 2 53.17 6.28 0.015 

maximum  
 

Microhabitat*Location 2 31.22 3.69 0.059 

daily average  
 

Error 11 8.47 

  temperature July Microhabitat 1 126.99 19.4 0.001 

a given 
 

Location 2 37.4 5.71 0.020 

month 
 

Microhabitat*Location 2 15.37 2.35 0.142 

  

Error 11 6.55 

  

 

August Microhabitat 1 97.61 11.19 0.006 

  

Location 2 29.44 3.37 0.069 

  

Microhabitat*Location 2 11.82 1.36 0.295 

  

Error 12 8.72 

  

 

September Microhabitat 1 43.49 5.42 0.038 

  

Location 2 28.34 3.53 0.062 

  

Microhabitat*Location 2 18.56 2.31 0.141 

  

Error 12 8.03 

  

 

October Microhabitat 1 247.85 8.23 0.014 

  

Location 2 87.87 2.92 0.093 

  

Microhabitat*Location 2 60.68 2.02 0.176 

 
 

Error 12 30.11 
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Table 2-10. Results of a mixed model four-way ANOVA for percent dissolution of plaster (a proxy for amount of water 

flow), standardized per week, in 2 microhabitats (edge and creek) at 3 sites (Cape Jourimain, Baie Verte, and Fox Creek) in 

the Northumberland Strait, Canada, in 2015 and 2016. Date was for 6 deployment dates y-1, and was considered a random 

factor. n = 4–8 plaster hemispheres per microhabitat-site-date combination (data pooled over spatial blocks). Significant and 

interpretable fixed effects in bold. Post hoc comparisons are focused on comparing microhabitats, which are significantly 

different for each site. Variance component analysis for random effects only. 

Sources of variation df MS F P 

Post hoc comparisons Variance components 

(listed in increasing 

order) 
  Estimate % 

Year 1 1.00E-02 <0.01 0.996 

    Site 2 3.13E+02 9.82E+00 0.004 

    Microhabitat 1 4.89E+03 8.51E+01 <0.001 

 
   

Date 5 3.04E+02 7.98E+00 <0.001 

 

σ2
D 3.25 5.8 

Year*Site 2 1.12E+02 3.72E+00 0.062 

 
   

Year*Microhabitat 1 1.04E+00 2.00E-02 0.905 

 
   

Year*Date 5 4.54E+02 1.19E+01 <0.001 

 

σ2
DY 10.17 18.1 

Site*Microhabitat 2 5.35E+02 8.96E+00 0.006 

CJ:   Creek   Edge   

BV:  Creek   Edge   

FC:   Creek   Edge   

   Site*Date  10 3.19E+01 8.40E-01 0.592 

 

σ2
DS 0 0 

Microhabitat*Date  5 5.75E+01 1.51E+00 0.185 

 

σ2
DM 0.47 0.8 

Year*Site*Microhabitat 2 5.80E+01 1.22E+00 0.334 

 
   

Year*Site*Date  10 3.02E+01 7.90E-01 0.636 

 

σ2
DSY 0 0 

Year*Microhabitat*Date 5 6.64E+01 1.74E+00 0.123 

 

σ2
DMY 1.38 2.5 

Site*Microhabitat*Date  10 5.98E+01 1.57E+00 0.113 

 

σ2
DSM 1.58 2.8 

Year*Site*Microhabitat*Date 10 4.74E+01 1.25E+00 0.26 

 

σ2
DSMY 1.37 2.4 

Error 431 3.81E+01       σ2
e 38.07 67.6 

5
2
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Figure 2-1. a) Salt marsh sites for the population study of ribbed mussels (Geukensia 

demissa) in the southern Gulf of St. Lawrence, Canada. From northwest to southeast, the 

sites are: Cape Jourimain (CJ), Baie Verte (BV), Pugwash (PW), Wallace National 

Wildlife Area (WNWA), Fox Creek (FC), Malagash (MG), Waldegrave (WG), and Brule 

Point (BP). The three focal sites are CJ, BV, and FC. b) Satellite photograph of one site 

(FC) showing the 4 spatial blocks sampled; each spatial block has one exposed edge and 

one creek. 
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Figure 2-2. Size frequency distributions of ribbed mussels (Geukensia demissa) in 2 microhabitats (exposed marsh edge and 

along creeks) at 3 focal sites (Cape Jourimain, Baie Verte, and Fox Creek) in the Northumberland Strait, Canada, in mid-late 

summer 2015 and 2016. Data pooled over 12 quadrats per microhabitat-site combination; 49–229 mussels per histogram. 
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Figure 2-3. Size frequency distributions of ribbed mussels (Geukensia demissa) in 2 

microhabitats (exposed marsh edge and along creeks) at 5 additional sites (Pugwash, 

Wallace National Wildlife Area, Malagash, Waldegrave, and Brule Point) in the 

Northumberland Strait, Canada, sampled mid-summer 2016. Data pooled over 12 quadrats 

per microhabitat-site combination; 9–165 mussels per histogram. 
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Figure 2-4. Proportion of female ribbed mussels (Geukensia demissa) in 

different developmental stages for mussels collected in 2 microhabitats 

(exposed marsh edge and along creeks) at 3 sites (Cape Jourimain, Baie 

Verte and Fox Creek) in the Northumberland Strait, Canada, in 2015. Data 

are pooled over sites. Stages are: Indifferent (Ind), Developing (Dev), Ripe, 

Partially Spent (P/S), and Spent. See Virgin and Barbeau (2017a) and 

Brousseau (1984) for more information on stages of development. Total 

number of females per date indicated above each bar. 
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Figure 2-5. Oocyte density (panels a and b) and size (panels c and d) for female ribbed 

mussels (Geukensia demissa) collected in 2 microhabitats (exposed marsh edge and 

along creeks) at 3 sites (Cape Jourimain, Baie Verte, and Fox Creek) in the 

Northumberland Strait, Canada, in 2015. n = 16–18 fields of view (FOV) per female 

from 4–17 females per date for panels a and b, and n = 18 measured oocytes per female 

from 4–17 females per date for panels c and d. The thick horizontal bar and asterisk are 

the median and mean, respectively; upper and lower box edges represent the 25th and 

75th percentiles, respectively; whiskers represent 1.5x the 25th and 75th percentiles, and 

circles outliers. 
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Figure 2-6. Reproductive output versus shell length of ripe female ribbed mussels 

(Geukensia demissa; see Fig. 2-4) collected in 2 microhabitats (exposed marsh edge and 

along creeks) at 3 sites (Cape Jourimain, Baie Verte, and Fox Creek) in the 

Northumberland Strait, Canada, in summer 2015. n = 39 and 26 mussels from the 

expose marsh edges and from creeks, respectively.   
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Figure 2-7. Total (bars) and mean (per collector; asterisks) number of ribbed mussel 

(Geukensia demissa) settlers collected over a standardized time of 1 wk, in 2 

microhabitats (exposed marsh edge and along creeks) at 3 sites (Cape Jourimain, Baie 

Verte, and Fox Creek) in the Northumberland Strait, Canada, in 2015 and 2016. For 

total, data pooled over the 17–20 spat collectors per microhabitat-site-date combination 

to be able to see patterns; coefficients of variation for when settlers were present was 

570–720 %. Spat collectors were deployed in the field for ~2 weeks. 
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Figure 2-8. Growth of tagged juvenile ribbed mussels (Geukensia demissa) in 2 

microhabitats (exposed marsh edge and along creeks) in Fox Creek in the 

Northumberland Strait, Canada, between 30 May–29 September 2016. The number 

closest to each point represents initial shell length. n = 19 and 11 retrieved juveniles 

along the exposed marsh edges and creeks, respectively. 
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Figure 2-9. Growth of ribbed mussels (Geukensia demisa) over a growing season 

measured from shell growth rings on collected mussels in 2 microhabitats (exposed 

marsh edge and along creeks) at 3 sites (Cape Jourimain, Baie Verte, and Fox Creek) in 

the Northumberland Strait, Canada. Measurements were from 168 and 150 mussels 

collected in 2015 from marsh edges and creeks, respectively; growth is for growing 

seasons between 2003 and 2014. Shell length on the x-axis is from the posterior edge of 

a growth ring to the umbo. 
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Figure 2-10. Average (Avg) and standard deviation (SD) of the mean daily temperature 

at 3 locations within each of 2 microhabitats (exposed marsh edge and along creeks) at 

Fox Creek in the Northumberland Strait, Canada, in 2016. The 3 locations are: (i) 

directly on the marsh substratum, amongst ribbed mussels, (ii) 3 cm in the marsh 

substratum, at the same depth as a ribbed mussel, and (iii) 50 cm seaward of the 

Spartina alterniflora border and 5 cm above the mudflat surface). n = 5-6 temperature 

loggers per location-microhabitat combination; data pooled over spatial blocks. 

Temperature was recorded once per hour from 27 May–8 July and 8 August–30 

October. 
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Figure 2-11. Index of water flow (measured as percent dissolution of plaster 

hemispheres per wk) for 2 microhabitats (exposed marsh edge and along creeks) at 3 

sites (Cape Jourimain, Baie Verte, and Fox Creek) in the Northumberland Strait, Canada 

in 2015 and 2016. n = 4–8 plaster hemispheres per microhabitat-site-date combination; 

data pooled over spatial blocks. Note that there are no data for Baie Verte in late August 

2016. See Fig. 2-5 for explanation of box plots. 
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Supplemental table  

Table S2-1. The total number of ribbed mussel (Geukensia demissa) settlers collected in 2 microhabitats (exposed marsh edge 

and along creeks) at 3 sites (Baie Verte, Cape Jourimain, Fox Creek) along the Northumberland Strait, Canada, in 2015–2016, 

using 2 different collector types (Loofahs or Mussel bags). Total number of collectors deployed in parenthesis when settlers 

were present. 

Date Year Site 
Habitat 

type 

Collector Type 

Site 
Habitat 

type 

Collector Type 

Site 
Habitat 

type 

Collector Type 

Loofah 
Mussel 

Bag 
Loofah 

Mussel 

Bag 
Loofah 

Mussel 

Bag 

Late May 2015 

BV 

Creek 0 NA 

CJ 

Creek 0 NA 

FC 

Creek 0 NA 

Late May 2015 Edge 0 NA Edge 0 NA Edge 0 NA 

Early June  2015 Creek 0 NA Creek 0 NA Creek 0 NA 

Early June  2015 Edge 0 NA Edge 0 NA Edge 0 NA 

Late June  2015 Creek 0 0 Creek 0 0 Creek 0 0 

Late June  2015 Edge 0 0 Edge 0 0 Edge 0 0 

Early July 2015 Creek 0 1 (4) Creek 0 0 Creek 0 2 (4) 

Early July 2015 Edge 0 1 (4) Edge 0 0 Edge 0 0 

Late July  2015 Creek 0 0 Creek 0 0 Creek 0 0 

Late July  2015 Edge 0 0 Edge 0 0 Edge 0 0 

Early Aug 2015 Creek 0 0 Creek 0 1 (4) Creek 0 0 

Early Aug 2015 Edge 0 0 Edge 0 0 Edge 1 (16) 1 (8) 

Late Aug 2015 Creek 0 1 (6) Creek 0 0 Creek 0 2 (6) 

Late Aug 2015 Edge 0 0 Edge 0 0 Edge 0 0 

Early Sept 2015 Creek 0 0 Creek 0 0 Creek 0 0 

Early Sept 2015 Edge 0 0 Edge 0 0 Edge 0 0 

Late Sept  2015 Creek 0 1 (4) Creek 0 0 Creek 4 (16) 0 

Late Sept  2015 Edge 0 1 (4) Edge 0 0 Edge 0 0 

6
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Early Oct 2015 Creek 0 0 Creek 0 0 Creek 0 0 

Early Oct 2015 Edge 0 0 Edge 0 0 Edge 0 0 

 
          

 
  Late June  2016 BV Creek 0 0 CJ Creek 0 0 FC Creek 0 0 

Late June  2016 Edge 0 0 Edge 0 0 Edge 0 0 

Early July 2016 Creek 0 0 Creek 0 0 Creek 1 (13) 1 (4) 

Early July  2016 Edge 0 0 Edge 0 0 Edge 0 0 

Late July  2016 Creek 0 1 (8) Creek 0 1 (8) Creek 0 0 

Late July  2016 Edge 0 0 Edge 1 (12) 1 (8) Edge 0 1 (8) 

Early Aug 2016 Creek 1 (12) 1 (8) Creek 0 1 Creek 0 2 (8) 

Early Aug 2016 Edge 0 0 Edge 0 0 Edge 0 1 (8) 

Late Aug 2016 Creek 0 1 (8) Creek 0 0 Creek 0 0 

Late Aug  2016 Edge 0 0 Edge 0 0 Edge 0 0 

Early Sept 2016 Creek 0 0 Creek 0 0 Creek 0 0 

Early Sept 2016 Edge 0 0 Edge 0 0 Edge 0 1 (8) 

Late Sept  2016 Creek 0 0 Creek 0 1 (8) Creek 0 1 (8) 

Late Sept  2016 Edge 0 0 Edge 0 0 Edge 0 0 

6
8
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Abstract  

Ribbed mussels (Geukensia demissa) are important contributors to salt marsh 

productivity along the Atlantic coast of North America and are at their northern range 

limit in Maritime Canada. This range limit may be determined by temperature during 

their planktonic larval phase. We examined the effect of temperature on growth and 

mortality of larval ribbed mussels reared in the laboratory over 28 days at 15, 19, 23, and 

28°C. In daily samples, we enumerated live and dead larvae and measured shell length 

and width of live individuals. When larvae began settling, we measured the proportion 

of settlers in cohorts at 19, 23, and 28°C; there was no settlement at 15°C. Larval 

survival was high and similar (e.g. proportion alive ± SE; 0.88 ± 0.02 after 3 wks) at 

temperatures ≥19˚C, but was lower and more variable (e.g. 0.56 ± 0.16 after 3 wks) at 

15˚C. Larval growth rate increased with temperature, and Growing Degree Days (GDD) 

explained 85–95% of the variation in mean larval shell length. Larval settlement 

occurred earlier at 28˚C (16 d) than 23°C (18 d) and 19°C (19 d). GDD significantly 

affected mean proportion of larvae settled, but only accounted for 29% of the variation. 

Our study demonstrates that GDD is a useful predictor of larval growth for ribbed 

mussels and suggests that increased ocean temperatures may have positive effects on 

larval growth and settlement rates in northern populations of ribbed mussels. Cold ocean 

temperatures (≤ 15°C) could be a major limiting factor for the dynamics of northern 

populations of ribbed mussels. 
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3.1.0 Introduction  

 Temperature is a major limiting factor on population establishment and 

maintenance for species at their poleward range limit (Sanford et al. 2006; Helmuth et 

al. 2006; Wethey & Woodin 2008; Jones et al. 2009). Dispersal and survival of the 

planktonic larval stages of benthic marine invertebrates are critical processes affecting 

population dynamics (Thorson 1950; Pineda et al. 2007), and larval thermal tolerance 

can determine the distribution of adults (e.g., Villalobos et al. 2006; Brooke & Young 

2009). Cold temperatures can prevent, or slow, larval development to the point where 

the life cycle cannot be completed in time, determining the range limit. Sanford et al. 

(2006) demonstrated that adult fiddler crabs can survive below 18°C, but larvae were 

seldom able to develop below a threshold temperature of 18˚C. Ribbed mussels 

(Geukensia demissa; Dillwyn 1817) are at their northern range limit in Maritime 

Canada; thus, temperature may be limiting the successful completion of their larval 

development. 

Growth models developed from size at age of individuals reared in the laboratory 

at constant temperature are of limited practical use to predict larval growth at different 

temperatures and where temperatures are variable. This problem can be alleviated by 

converting the temporal scale (days) to a cumulative energy scale, such as Growing 

Degree Days (GDD), which is a more powerful explanatory variable (Neuheimer & 

Taggart, 2007; Saunders & Metaxas 2007; Venturelli et al. 2010). Neuheimer & Taggart 

(2007) examined the relationship between GDD and body length for numerous species 

of marine and freshwater fish, and found that length at GDD was similar across species, 

regardless of the temperature at which the fish were grown, and GDD explained > 92% 
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of the variation in length measurements. Saunders & Metaxas (2007) used GDD to 

predict the abundance of settlers of the invasive bryozoan Membranipora membranacea, 

and found that GDD explained up to 81% of the variation in abundance of settlers. GDD 

has been used to predict maturity and growth in agriculture (Bonhomme 2000) and 

entomology (Akers & Nielsen 1984), but has received limited attention in fish 

(Neuheimer & Taggart 2007; Venturelli et al. 2010) and is still largely unexplored for 

larval marine invertebrates (but see Saunders & Metaxas 2007; Neuheimer & Taggart 

2007).  

 The ribbed mussel is an important ecosystem engineer in salt marshes south of 

Cape Cod in the USA (Bertness 1984; Angelini et al. 2016). Ribbed mussels range from 

the Gulf of St. Lawrence to Florida (Abbott 1974), but are not well studied at their 

northern range limit. Studies on ribbed mussel population dynamics, mostly conducted 

in the middle of the species range, have mainly focused on adults and juveniles (e.g., 

Bertness & Grosholz 1985). Ribbed mussels are dioecous and spawn once per year 

(Brousseau 1982; Virgin & Barbeau 2017a). Their larvae were collected from the 

plankton and shell length was measured by Sullivan (1948) throughout one spawning 

season in Prince Edward Island, and observed in plankton samples from different water 

depths by Baker & Mann (2003) in Chesapeake Bay. Loosanoff & Davis (1963) reared 

larval ribbed mussels in laboratory and qualitatively noted that they grew quickly at 

23°C, but there was considerable variation in time to metamorphosis and settlement. 

Detailed effects of temperature on growth and settlement of larval ribbed mussels are 

unknown. Temperature may be a determining factor for the northern range limit of 
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ribbed mussel populations, and ocean warming may facilitate northward range 

expansion of this species. 

 We used a factorial experiment to: 1) determine the effect of temperature on 

growth, mortality, and settlement of larval ribbed mussels, and 2) investigate the 

predictive power of growing degree days for their growth and settlement rates. 

Determining the effect of temperature on larval ribbed mussels provides important 

ecological information on a poorly known part of the lifecycle of this ecosystem 

engineer, such as on larval development rates and thermal thresholds for larval growth. 

Such information improves our ability to assess the possibility of recruitment limitation 

in ribbed mussel populations at their northern range limit. 

3.2.0 Methods  

3.2.1 Adult collection and larval rearing 

We collected 50 adult ribbed mussels (~50–65 mm shell length) from each of 3 

sites along the Northumberland Strait, Canada (Fig. 3-1), on 21 July 2016, when most 

mussels are at or near the ripe stage of development (Virgin & Barbeau 2017a). We also 

obtained temperature logger data near Shediac, NB (Fig. 3-1), at 2 m depth from 

Fisheries and Oceans Canada (Fig. 3-2). Collected ribbed mussels were immediately 

transported to the Dalhousie University Aquatron facility and maintained in running 

seawater at ambient temperature (approximately 11˚C) until spawning. We induced 

spawning by thermal cycling (Helm et al. 2004); we moved mussels from ambient 

temperature to 30˚C seawater at 30-min intervals and added algae (Isochrysis sp.) to 

stimulate feeding (Helm et al. 2004). Spawning did not occur after 14 cycles. In an effort 



 

74 

 

to induce spawning, we added extract from a pulverized male gonad using a pipette. 

Spawning occurred 4 cycles after the addition of sperm, with males starting to spawn ~1 

h before females.   

 To disrupt male spawning and minimize sperm fatigue before eggs became 

available, spawning males were placed in a dry container until females started spawning. 

Once females began to spawn, each male was placed in a 150-ml beaker of 1-µm filtered 

seawater to allow spawning to resume. Each spawning female was placed in a 3-L jar 

containing 1-µm filtered seawater at 23˚C and removed once spawning was completed. 

We sampled each jar of eggs to determine concentration, and diluted highly concentrated 

egg solutions to make all solutions approximately equal in concentration (~100 eggs ml-

1). We facilitated fertilisation by combining eggs from 5 females with sperm from 4 

males; 5 ml of concentrated sperm was added per 3-L jar of eggs (Strathmann 1987). 

Cultures were stirred for 24 h at room temperature (22˚C). While fertilisation success 

was not measured, after 24 h, larvae were present as free-swimming D-stage veligers 

and larval density was 20–30 ml-1.   

We combined all larvae into 2 master cultures and redistributed them into 12 3-L 

culture jars at a larval concentration of 5–10 individuals ml-1. We then randomly 

allocated each larval culture jar to 1 of 12 water baths (i.e., 100-L tanks) with 

continuously flowing seawater at 15, 19, 23, or 28˚C. Each temperature was replicated 3 

times and each tank contained one culture jar. Tanks of the same temperature were not 

placed adjacent to one another. The water in each larval culture jar was changed every 

48 h, and a mix of equal parts Isochrysis galbana, Pavlova lutherie, and Chaetoceros 
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muelleri, totalling 50,000 cells ml-1 (Strathmann 1987) was added. We reared larvae at a 

photoperiod of 12L:12D. 

We recorded water temperature every minute using HOBO Pendant® 

temperature data loggers (resolution = 0.14 °C at 25°C, accuracy ± 0.53 °C; ONSET 

2017) in 1 replicate tank per temperature. We also measured temperatures 3 times per d 

in each tank using a hand-held thermometer to confirm there were no differences among 

replicate tanks. Temperature varied ± 1°C for the duration of the experiment at 28 and 

23°C, and ± 2°C at 15 and 19°C until day 17 when there was a temperature increase in 

the ambient seawater to ~19°C (Fig. 3-3). The temperature increase caused the 15°C 

treatment level to gradually increase to 19°C, and the 19°C treatment level to ~21°C 

(Fig. 3-3).    

3.2.2 Growing degree days 

Growing degree day (GDD) was calculated for each treatment level as the sum of 

the differences between the average temperature per day minus a base temperature 

(sensu Neuheimer & Taggart 2007; Eq. 3.1): 

          GDD = Σ(average temperature d-1 – 12°C).     (Eq. 3.1) 

The base temperature for calculating GDD is subjective, but typically represents a 

temperature below which there is no growth (Akers & Nielson 1984; Bonhomme 2000; 

Neuheimer & Taggart 2007). We selected 12°C as our base temperature, because we 

observed that larval ribbed mussels do not survive well, and grow little, at temperatures 

below 15°C, similar to eastern oysters (Davis & Calabrese 1964). 
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3.2.3 Larval survival and growth 

We quantified larval survival and growth daily by collecting 7-ml samples from 

each culture jar after stirring for 30 s, and measuring the proportion alive. We measured 

shell length and width (Fig. S3-1) of ~20 live individuals using an ocular micrometer 

(range: 2 – 27 live individuals per sample, average: 21 individuals). In subsequent 

analyses, we only used shell length as a response variable, to allow for comparisons with 

other studies (Bayne 1965; Beaumont & Budd 1982; Pechenik et al. 1990; Nair & 

Appukuttan 2003).  

3.2.4 Larval settlement  

 To determine the effect of temperature on larval settlement, we conducted 

settlement assays at each temperature, excluding the 15°C treatment level, because we 

only observed settlers in cultures reared at 19, 23, and 28˚C. A settlement assay 

consisted of adding between 28 and 104 (mean: 60) to a 150-ml beaker containing 125 

ml of 1-µm FSW at the appropriate temperature, and an empty shell valve from an adult 

ribbed mussel as the settlement substrate (Bertness & Grosholz 1985). After 48 h, we 

counted the number of larvae that settled on the adult shell and measured their shell 

length and width. To minimize possible tank effects in this settlement experiment, we 

placed 3 replicate settlement beakers, one from each larval culture at the same 

temperature, within each water bath (i.e., 100-L tank). Thus, there were 9 replicate 

beakers per temperature treatment level (3 beakers per tank and 3 tanks per temperature 

treatment level; Fig. S3-2).  
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Settlement assays started on day 18, 2 d after we first observed settlement in the 

28°C culture jars (16 Days Post Fertilisation (DPF)). On day 18, settlement was only 

measured at the 23 and 28°C treatment levels, because we did not observe any settlers in 

our culture jars at 19°C. This meant that we had only conducted 2 settlement assays at 

19°C by day 24. To have at least 4 complete settlement assays per temperature treatment 

level, 2 settlement assays were conducted for the 19°C treatment level on day 26. 

Settlement in the 28°C treatment level on day 26 was not measured, because it was 

consistent among previous assays. Settlement in the 23°C treatment level was measured 

on day 26, because it was not consistent among previous assays. 

3.2.5 Data analysis 

To evaluate the effect of temperature on proportion of larvae alive, we used a 

mixed model ANOVA with Temperature (4 levels; 15, 19, 23, and 28°C) and DPF (9 

levels; days 1, 2, 3, 5, 10, 15, 19, 23, and 28 post fertilization) as fixed factors, and Tank 

(3 levels) as a random factor nested in Temperature. Note that because there is only one 

culture jar per tank (i.e., one measure of proportion alive for a given tank and day), the 

analysis is the same as a repeated measures ANOVA with Tank as the subject factor. A 

similar mixed-model analysis was used to evaluate the effect of temperature on larval 

shell length, except that the lowest unit of replication was larva nested in Tank and DPF. 

An ANCOVA for proportion alive and shell length (with DPF as a covariate) was not 

possible, because the assumptions of parallel slopes and linearity could not be met 

(Underwood 1997). We selected certain levels of DPF to examine when the first 

significant differences in proportion alive and in shell length arose among treatment 
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levels, and whether these differences remained consistent in the experiment thereafter. 

Note that shell length was not analysed beyond day 19 (i.e., days 23 and 28 were 

excluded), because the increase in ambient seawater temperature increased the mean size 

of larvae in the 15°C treatment level; proportion alive appeared unaffected by this 

increase. We determined the denominators of the F-ratios according to Underwood 

(1997). Proportion alive was transformed using arcsine square root to meet the 

assumption of homoscedasticity. Significant and interpretable fixed effects (p < 0.05) 

were examined further using Tukey’s post hoc test.  

To evaluate the ability of DPF and GDD to predict larval shell length, we used 

regression analysis and an ANCOVA, respectively. In each of these analyses, mean shell 

length from a culture jar on a given day was the response variable. First, we used 

nonlinear or linear regressions, depending on the best regression model (based on the 

root mean square error for each temperature level), with DPF (all days) as the 

continuous predictor (Table S3-1). The dataset was truncated after 19 DPF for this 

analysis, because we observed settlement in all treatment levels ≥ 19°C and the 

temperature increase in ambient seawater caused resumed growth in the 15°C treatment 

level on day 20. Second, we conducted an ANCOVA with GDD as the continuous 

predictor and Temperature as a fixed factor (3 levels: 19, 23, and 28°C); the temperature 

treatment was included in this analysis to evaluate whether there was an effect of 

temperature above and beyond the effect of GDD. The 15°C treatment level was omitted 

from this ANCOVA, because its slope was not parallel to the other levels (19–28°C). 

The dataset for this analysis was truncated after 120 GDD, because the relationship was 

no longer linear. Significant fixed effects (p < 0.05) were examined further using 
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Bryant-Paulson’s extension of Tukey’s post hoc test (Bryant & Paulson 1976; Bryant & 

Bruvold 1980). 

To evaluate the effect of temperature on larval settlement, we conducted two 

ANCOVAs, one with DPF as the covariate and the other with GDD as the covariate. 

Temperature (3 levels: 19, 23, and 28˚C) was a fixed factor, and mean proportion of 

larvae that settled per beaker was the response variable. We averaged proportion settled 

over the 3 or 6 replicate beakers within a tank, because it was highly variable among 

beakers within a tank. We re-analysed proportion settled using linear regression with 

GDD as the continuous predictor, because the ANCOVA with GDD as a covariate 

showed a non-significant temperature treatment effect. 

All statistical tests were performed in Minitab 17 (Minitab Inc. 2010). 

Homoscedasticity of dependent variables was assessed using Cochran’s C test and 

normality of residuals was visually assessed using histograms and probability plots; 

these assumptions were met in all cases unless mentioned otherwise above. Interactions 

between the covariate and fixed factors were not significant, indicating homogeneity of 

slopes for each ANCOVA. For each regression, fit of the data and outliers were visually 

assessed using scatterplots and probability plots, respectively. All data were graphed 

using the ggplot2 package (Wickham 2009) in R (R Core Team 2016). 

3.3.0 Results 

3.3.1 Survival and growth 

Survival of larval ribbed mussels showed a different temporal pattern for the 

different temperatures, as indicated by a significant Temperature*DPF interaction (Fig. 
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3-4, Table 3-1). For temperatures ≥ 19°C, survival was high and similar among 

temperatures, decreasing slightly over time (e.g. proportion alive ± SE; 0.88 ± 0.02 after 

3 wks). In the 15°C treatment level, survival decreased more sharply over time, and was 

more variable than the higher temperature treatment levels (e.g. 0.86 ± 0.08 after 2 wks; 

mean after 3 wks: 0.56 ± 0.16).     

Size of larval ribbed mussels also showed a different temporal pattern for the 

different temperatures, as indicated by a significant Temperature*DPF interaction (Fig. 

3-5a, Table 3-1). Shell length was always lower in the 15°C treatment level than in the 

higher temperature treatment levels, and this pattern became significant after 5 DPF 

(Table 3-1). Shell length was often similar in 19 and 23°C. Larvae at 28°C were 

consistently, and significantly, larger than larvae in all other temperature treatments after 

10 DPF (Fig. 3-5a). A similar growth pattern was observed for shell width at the 

different temperature treatment levels (Fig. S3-3), indicating that the shape of the shell 

remained consistent as larvae grew. The foot and eyespots (Fig. 3-6) first started 

developing between 165 and 185 µm shell length in all temperature treatment levels, 

approximately 8, 7, 7 and 6 DPF for the 15, 19, 23 and 28 °C treatment levels, 

respectively.  

When considering DPF as a continuous predictor of larval shell length, different 

regression models had to be estimated for the different temperature treatment levels 

(Table S3-1; Fig. S3-4); concave power functions explained more variation in mean 

shell length than linear models at temperatures ≥ 19°C. Larvae grown in 15°C exhibited 

low growth in the first 19 d of our experiment, but grew faster than expected after day 
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19 due to the ambient temperature increase (to 19°C) that occurred at that time (Figs. 3-3 

and 3-5a). 

When considering GDD as a continuous predictor of larval shell length, larval 

growth showed a similar pattern among treatment temperatures until ~120 GDD, with a 

growth rate of ~0.55 µm GDD-1 for ≥ 19°C (Table 3-2, Fig. 3-5b; Fig. S3-5). The 

relationships between larval size versus GDD were strong; the root mean square error to 

mean ratio was small (< 4%) and GDD accounted for ≥ 93% of the variation in mean 

shell length. In the 15°C treatment level, growth remained linear throughout the entire 

experiment and terminated at 102 GDD. Growth rate was lower (0.41 µm GDD-1) than 

in higher temperature treatment levels; the root mean square error was low (~4%), and 

85% of the variation in mean shell length was accounted for by GDD. For the treatment 

levels ≥ 19°C, growth rate declined between 105 and 120 GDD, was near zero 4–6 d 

afterward, and then increased over the subsequent 1–2 d (Fig. 3-5). Although the larval 

growth profiles appear to overlap until 120 GDD (Fig. 3-5b), the ANCOVA detected a 

significant temperature treatment effect (Table 3-2). Specifically, the shell length of 

larvae cultured at higher temperatures was slightly smaller at similar GDD values: 

adjusted mean shell lengths were 133 μm at 28°C, 136 μm at 23°C and 141 μm at 19°C. 

Such a small difference (3–8 μm) is of limited biological significance; larvae grow 3–8 

µm at 19–28°C in 5–13 GDD, or <1 to ~3 d, depending on the temperature and age of 

the larva. 



 

82 

 

3.3.2 Settlement 

 Larvae started settling at ≥ 200 µm shell length, and first reached that size in 

28°C (Fig. 3-5a). A few settlers (< 25 individuals) were first present in 28°C on day 16 

(270 GDD), in 23°C on day 18 (189 GDD), and in 19°C treatment level on day 19 (152 

GDD). When DPF was used as a covariate, the proportion of larval ribbed mussels that 

settled was significantly lower in 19 and 23°C than 28°C (Table 3-3, Fig. 3-7a). There 

was also a significant effect of DPF on proportion of larvae that settled (Table 3-3). 

Mean proportion settled tended to increase through time, especially in 19°C and 23°C 

(Fig. 3-7a).  

GDD accounted for the effect of temperature on proportion of larvae that settled 

(Table 3-3b, c, Fig. 3-7b); there was no additional effect of the temperature treatment 

above and beyond that accounted for by GDD. Proportion settled was low (mean ± SE: 

0.004 ± 0.001) between ~150 and ~270 GDD and was greater (0.015 ± 0.002) after ~280 

GDD (Fig. 3-7b). However, due to high settlement variability, this significant 

relationship had little predictive ability; the root mean square error to mean ratio was 

large (~86%) and GDD accounted for a small (~29%) amount of the variation in 

settlement (Table 3-3c). 

3.4.0 Discussion 

3.4.1 Effect of temperature on larval survival and growth, and implications on range 

limit 

 Water temperature had a strong effect on survival and growth of larval ribbed 

mussels (Geukensia demissa). In the 15°C treatment level, larvae grew slowly, had 
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relatively high mortality, and did not settle (i.e., were not competent) over the duration 

of the experiment (28 d), suggesting that temperatures below 15°C are too cold for 

effective survival in the sea. This is consistent with the distribution of ribbed mussels, 

which are not found in the Bay of Fundy or along the Atlantic coast of Nova Scotia, and 

also studies on other species of bivalves that found larval growth and survival were 

reduced or inhibited at low temperatures (Loosanoff et al. 1951; Davis & Calbrese 1964; 

Bayne 1965; Beaumont & Budd 1982; Pechenik et al. 1990; Nair & Appukuttan 2003). 

We found that larvae reared at 19, 23, and 28°C grew faster than those reared at 15°C 

and became competent at ~200 µm shell length, this general pattern being consistent 

with results from studies on the larvae of other bivalves such as blue mussels (Mytilus 

edulis; Bayne 1965) and hard clams (Mercenaria mercenaria; Loosanoff et al. 1951).  

 Despite the widespread distribution and importance of ribbed mussels as an 

ecosystem engineer, their larval dynamics have not been quantitatively studied before 

(Loosanoff & Davis 1963; Abbott 1974; Bertness 1984). Loosanoff & Davis (1963) 

reared larval ribbed mussels, obtained from adults in Connecticut, in 23°C and 

qualitatively observed that “many” larvae reached 200 µm in shell length after 10 d and 

then “a few” developed eyespots and a functional foot. “Some” larvae then 

metamorphosed and settled at 220 µm, 12–14 DPF. In our study, in 23°C, larvae reached 

200 µm shell length only at 12 DPF, although mean shell length at that time was 

considerably less (158 ± 2.3 µm; mean ± SE). We observed that larvae could settle at 

200 µm shell length, but we did not observe any settlers until day 18 at 23°C, 4–6 d later 

than Loosanoff & Davis (1963) at the same temperature. Unfortunately, we cannot 

assess whether discrepancies between Loosanoff & Davis (1963) and our results are 
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meaningful, because they did not collect rigorous measurements on shell length, 

survival, or settlement. Larvae from northern populations of ribbed mussels are unlikely 

to grow slower than those from southern populations. Rather, other studies have shown 

that species compensate for a reduced growing season at higher latitudes with increased 

growth rates (Canover & Present 1990; Sanford et al. 2006). The observed discrepancies 

could also be due to culture conditions (Strathmann 1987; Helm et al. 2004). In any 

case, a comparative study on growth rates of larval ribbed mussels from populations 

throughout the species’ range would be informative to assess the possibility of 

geographic differences in larval growth rate. 

Surviving larval ribbed mussels can resume growth when temperatures become 

favourable after a prolonged (i.e., 2 wk) period at low temperature. We observed that 

larval ribbed mussels had high mortality and low growth at the 15°C treatment level, but 

they resumed growth after an increase in ambient seawater temperature to 19°C. 

Beaumont & Budd (1982) observed that larval blue mussels held at 5°C for 2 months 

similarly resumed growth when placed in 17°C, as well as produced an equivalent 

number of spat to the control group (which were held continuously in 17°C seawater). 

Larval ribbed mussels are unlikely to survive a lengthy (e.g., 2 mo) exposure to cold 

temperatures along the coast of Maritime Canada and northern New England, given their 

high mortality in 15°C. Seawater temperatures in the upper water column in Maritime 

Canada (specifically the Northumberland Strait) drop below 19°C in mid to late 

September and below 15°C in late September or early October until mid-June (e.g., Fig. 

3-2). Spawning of ribbed mussels in the Southern Gulf of St. Lawrence occurs in late 

July or August (Virgin & Barbeau 2017a), when water temperatures are between 20 and 
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23°C (Fig. 3-2). Therefore, larval ribbed mussels have at most 8 weeks to develop and 

settle, assuming they are near the sea surface and not food limited. The rapid drop in 

temperature in late September, coupled with relatively late spawning compared to 

populations further south (Brousseau 1982; Virgin & Barbeau 2017a), could be a major 

limiting factor for the persistence of ribbed mussel populations at their northern range 

limit.  

Given the increased growth and survival we observed of laboratory-reared larval 

ribbed mussels from Maritime Canada at increased temperatures, we hypothesize future 

increased recruitment in northern populations of ribbed mussels if ocean temperatures 

continue to rise. Watt et al. (2010) observed that populations of ribbed mussels in Nova 

Scotia were patchy, had few if any recruits, and were prone to local collapses, and so 

suggested that these populations were recruitment limited. This recruitment limitation 

may be due to cooler water temperatures and more ice and winter storm damage than 

locations further south (Virgin & Barbeau Unpublished data). Changes in growth rate 

due to temperature can have substantial effects on population dynamics and recruitment 

(Walther et al. 2002), which may impact large-scale spatial distributions (Alheit & 

Hagan 1997; Ling et al. 2009). Our study provides support to the hypothesis that 

increasing ocean temperatures may lead to larger, more stable, ribbed mussel 

populations at their current northern range limit.  
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3.4.2 Predicting length at age: comparing growing degree days and days post 

fertilisation  

The ability of growing degree days to predict growth and settlement of larval 

marine invertebrates has received relatively little attention compared to it’s ability to 

predict growth of plants and insects (Neuheimer & Taggart 2007; Saunders & Metaxas 

2007; Venturelli et al. 2010). GDD could be used to predict growth of larval ribbed 

mussels up to 120 GDD in different thermal regimes, given that a simple linear 

regression with GDD as the predictor explained >85% of the variation in mean shell 

length of larvae at ≥15°C. At 15–28°C, larval growth rates were similar (0.41–0.55 

µm/GDD), and so this equation can be used as a growth submodel in a population 

dynamics model, coupled to a hydrodynamics model (e.g., Gharouni et al. 2017). Days 

post fertilisation also performed well at predicting length at age (Table S3-1), but each 

temperature treatment required a unique parameterization. DPF would thus be of little 

practical use for predicting growth at other temperatures, or in the field where 

temperatures are highly variable. GDD is a more versatile predictor of larval ribbed 

mussel growth than DPF; it can be used to predict length at age in different thermal 

regimes, or variable thermal regimes, using a simple linear regression.  

The change in the slope of the line for shell length after 120 GDD in our study is 

possibly related to preparation for settlement, which may cause a change in resource 

allocation in larval ribbed mussels. As animals with indeterminate growth age and 

mature, allocation of their resources shifts mainly from growth when immature to 

reproduction and maintenance when sexually mature (e.g., Heino & Kaitala 1999). In 

bivalves, this change in resource allocation is typically presented as smaller increases in 
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shell length over time (e.g., Heino & Kaitala 1996). When measuring body length 

against GDD, the change in resource allocation at metamorphosis or maturation is 

reflected as an abrupt change in the slope of the line (Neuheimer & Taggart 2007, 

Venturelli et al. 2010).  

We also found that the slope of the regression for larvae grown at 15°C (0.41 

µm/GDD) was lower than to those grown at ≥ 19°C (0.55 µm/GDD), suggesting that 

temperatures below a given threshold may negatively affect larval ribbed mussel 

resource allocation. For example, low temperatures may lead to reduced feeding 

efficiency or food assimilation (Neuheimer & Taggart 2007). In addition, after ~120 

GDD at ≥ 19°C, there appeared to be a brief period of temperature independence for 

larval ribbed mussels. This growth pattern has not been observed in other bivalves, 

possibly due to both infrequent sampling (typically every 2–5 d in other studies; Bayne 

1965; Beaumont & Budd 1982; Pechenik et al. 1990; Nair & Appukuttan 2003), and the 

use of time rather than GDD as a continuous predictor of size at age.  

In our study, GDD was not as good a predictor of ribbed mussel settlement as it 

was of larval size. The limited ability of GDD to predict settlement of larval ribbed 

mussels may be due to a period of temperature independence or inherently high 

settlement variability. Unfortunately, no data exist on the larval settlement of ribbed 

mussels, so we cannot assess whether our results (mean proportion settled = 1–2%) are 

typical. Studies on other marine bivalves report settlement rates of 60 ± 2% (mean ± SD) 

for competent larval eastern oysters (Baker & Mann 1992) and 5–80% for larval green 

lipped mussels (Perna canaliculus; Alfaro 2005) after 48 and 24 h, respectively, much 

higher than our observed settlement for larval ribbed mussels. Further research on 
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settlement of ribbed mussels, focusing on preferred substrates and on the effect of 

temperature, is needed to better understand the settlement dynamics and fully assess the 

ability of GDD to predict these dynamics. 

Although we have provided substantial new information on larval ribbed 

mussels, there are several caveats with extrapolating larval growth from the laboratory to 

the field. Fotel et al. (1999) reared larval blue mussels (M. edulis) in the laboratory and 

monitored larvae from the same population in situ. When larvae were reared at the same 

chlorophyll a concentration as larvae experienced in the field, growth rates were similar. 

However, larvae reared on an enriched diet grew significantly faster and had 

significantly lower mortality than larvae in situ, suggesting that food limitation was an 

important source of mortality. Further, Fotel et al. (1999) found that the rate of larval 

loss in the field was significantly higher than mortality and settlement of larvae reared in 

laboratory, suggesting that other natural factors were a substantial source of larval 

mortality. Indeed, there are several sources of natural mortality in the plankton, 

including physiological stress, starvation, predation, and larval advection away from 

appropriate habitat (Morgan 1995). Settlement in larval mussels is a complex process 

requiring numerous morphological and physiological changes, as well as appropriate 

habitat selection, which can further increase mortality (Bayne 1965; Bayne 1971; 

Snelgrove et al. 1999). Thus, to properly extrapolate experimental results in lab to 

populations in situ, complementary experiments should be conducted in the field.  
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3.4.3 Conclusions          

We found that temperature had a significant effect on the survival, growth, and 

settlement of larval ribbed mussels (G. demissa) from Maritime Canada; warmer 

temperatures led to increased growth rates and earlier settlement. Growing degree days, 

as a record of thermal history, explained most of the variation in shell length of larval 

ribbed mussels until 120 GDD. Using GDD with a simple linear model allowed for 

accurate predictions of larval shell length for all temperature treatment levels. However, 

this was not the case for settlement because it was highly variable. Predicted increases in 

ocean temperatures at the northern range limit of ribbed mussels could lead to range 

shifts (Pinsky et al. 2010) or changes in population dynamics (Walther et al. 2002), 

which could affect salt marsh ecosystem health and functioning (Bertness 1984). Future 

research on the early life stages of ribbed mussels should focus on their behaviour, such 

as factors that affect larval vertical distributions, to better estimate their thermal regime 

in the field, and on their preferred substrates for primary settlement.  
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Tables 

Table 3-1. ANOVA results for proportion of larval ribbed mussels (Geukensia demissa) alive and for their shell length (in 

µm) at 4 water temperatures (15, 19, 23, and 28°C) on 7 or 9 selected days post fertilisation (DPF, days 1, 2, 3, 5, 10, 15, and 

19 for size; days 23 and 28 were included for proportion alive). p values of significant and interpretable fixed effects in bold. 

Post hoc comparisons for the temperature effect within each day (D) are presented; treatment levels sharing a common 

underline did not differ significantly. 

 

Dependent 

variable Sources of Variation df MS F p 

Post hoc comparisons 

(listed in increasing order) 

Proportion 

alive (arcsine 

square root 

transformed) 

Temperature 3 0.215 4.76 0.034  

DPF 8 0.402 32.04 <0.001  

Temperature*DPF 24 0.025 1.98 0.016 D1: 15  19  23  28 

     D2: 28  15  19  23 

     D3: 28  19  15  23 

     D5: 15  23  28  19 

     D10: 15  19  28  23 
       

     D15: 15  23  19  28 

     D19: 15  28  23  19 

     D23: 15  28  23  19 
       

     D28: 15  23  28  19 

Tank(Temperature) 8 0.045    

DPF*Tank(Temperature) 64 0.013    

Error 0     

9
1
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Shell length Temperature 3 7983.0 18.44 0.001  

 DPF 6 20045.3 89.61 <0.001  

 Temperature*DPF 18 1065.7 4.76 <0.001 D1: 15  19  23  28  

      D2: 15  19  23  28 

      D3: 15  19  23  28 
        

      D5: 15  19  23  28 
 

      D10: 15  19  23  28 
 

      D15: 15  19  23  28 
 

      D19: 15  19  23  28 
 

 Tank(Temperature) 8 433.2 2.14 0.034  
 

 DPF*Tank(Temperature) 48 223.9 1.11 0.314  
 

 Error 176 202.4    
 

 

 

 

 

 

 

 

 

 

 

9
2
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Table 3-2. Results of simple linear regression and ANCOVA testing for effect of Growing Degree Days (GDD) on mean 

shell length per sample (in µm) for larval ribbed mussels (Geukensia demissa) at 4 water temperatures (15, 19, 23, and 28°C) 

until 120 GDD. ANCOVA results are presented to show individual, common, and total regressions following Underwood 

(1997; p. 452), as well as root mean square error ÷ mean to evaluate the strength of the relationships. The individual 

regression for 15°C is presented, but not included in the ANCOVA because the slope was not parallel to the slopes of the 

other temperature treatment levels. The p value of the significant fixed effect for the ANCOVA is in bold. Post hoc 

comparisons indicated that all temperature treatment levels differed significantly. 

  Temperature 
Intercept 

(± SE; µm) 

Slope 

df MSerror F p 
Mean 

(µm) 

√𝐌𝐒𝐞𝐫𝐫𝐨𝐫 

÷ Mean * 

100 

Adjusted 

R2 
(± SE; 

µm/GDD) 

Individual 

regressions 

15 108.7 ± 1.05 0.407 ± 0.0185 81 25.70 484.6 <0.001 128.3 3.9% 85.5% 

          

          
19 104.3 ± 1.47 0.552 ± 0.0201 46 22.80 757.3 <0.001 140.0 3.4% 94.1% 

23 101.3 ± 2.05 0.558 ± 0.0296 28 27.38 356.1 <0.001 135.6 3.8% 92.7% 

28 95.9 ± 2.13 0.552 ± 0.0283 19 19.02 381.2 <0.001 133.1 3.3% 95.2% 

Summed  

  

93 22.07 

     Common regression 
 

0.554 95 22.90 
     

Differences among slopes 

  

2 3.76 

     Total regression 101.8 ± 1.24 0.551 ± 0.0171  97 32.90 1033 <0.001 137.2 4.2% 91.4% 

Differences among adjusted 

means  
    2 509.8       

  
  

                      

 

Difference among slopes 

 

Fslope = 0.8  df = 2 and 93 

 

p = 0.844 

Post hoc comparisons (listed in 

increasing order) 

Difference among 

temperatures (i.e., 

intercepts) 

Fadj = 22.3  df = 2 and 95  p < 0.001 28  23  19     

9
3
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Table 3-3. ANCOVA results for effect of water temperature (19, 23, and 28°C) on mean proportion of larval ribbed mussels 

(Geukensia demissa) that settled after 48 h using Days Post Fertilisation (DPF, analysis a) or Growing Degree Days (GDD, 

analysis b) as the covariate, and results of simple linear regression for the effect of Growing Degree Days on mean proportion 

of larvae settled (analysis c). Proportion settled was averaged over replicate beakers with each tank prior to analysis. p values 

of significant effects are in bold. For post hoc comparisons, temperature treatment levels sharing a common underline did not 

differ significantly. 

 

Analysis 
Sources of 

variation  
df MS F p 

Post hoc comparisons 

(listed in increasing order) 

 

a DPF 1 3.12E-04 4.50 0.042    

 Temperature 2 5.53E-04 7.99 0.002 19  23  28  

 Error 32 6.90E-05 

  

   

 

     

   

b GDD 1 2.23E-04 3.09 0.088    

 Temperature 2 5.00E-06 0.07 0.930    

 Error 32 7.20E-05 

  

   

       

 

 
Intercept 

(± SE; proportion) 

Slope  

(± SE; 

proportion/GDD) 

MSerror F p 
Mean 

(proportion) 

√𝐌𝐒𝐞𝐫𝐫𝐨𝐫 

÷ Mean * 

100 

Adjusted 

R2 

       

  

c  -9.9E-03 ± 5.2E-03 7.3E-05 ± 1.9E-05 6.8E-05 15.17 <0.001 9.6E-03 85.9 % 28.8% 

 

9
4
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Figures 

 

 

 

 

Figure 3-1. Map of salt marsh sites (black dots) along the Northumberland Strait, 

Canada, where adult ribbed mussels (Geukensia demisssa) were collected. The star 

indicates where water temperature was recorded. 
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Figure 3-2. Mean daily seawater temperature (± SD) at 2 m depth from June–December 

2015 near Shediac, New Brunswick, Canada (see Fig. 1) in the Northumberland Strait. 

Data from Joël Chassé at Fisheries and Oceans Canada. 
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Figure 3-3. Water temperature profiles (mean ± SD) in the 4 temperature treatment 

levels (15, 19, 23, and 28°C) used to rear larval ribbed mussels (Geukensia demissa). 
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Figure 3-4. Proportion (mean ± SE, n = 3 tanks) of larval ribbed mussels (Geukensia 

demissa) alive in daily samples reared at 4 water temperatures (nominally 15, 19, 23, 

and 28°C). A sample consisted of 7 ml of larval culture, and the number of larvae (alive 

and dead) per sample ranged from 9 to 93 (mean ± SD= 44.2 ± 13.7 individuals per 

sample). 
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Figure 3-5. Shell length (mean ± SE) for live larval ribbed mussels (Geukensia demissa) 

in daily samples, reared at 4 water temperatures (nominally 15, 19, 23, and 28°C), and 

presented against A) days post fertilisation (DPF) and B) growing degree days (GDD). n 

= approx. 60 larvae pooled over 3 replicate samples (range: 2–27 larvae per sample; 

mean = 21), per temperature per DPF or GDD. 
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Figure 3-6. Growth and development of larval ribbed mussels (Geukensia demissa) 

from 1 to 22 days post fertilisation at 28°C. All photographs were taken at 225x 

magnification by S.D.S. Virgin. Note that day 10 marked the first appearance of the 

eyespot at 28°C.   
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Figure 3-7. Proportion (mean + SE, n = 9–18 settlement beakers) of larval ribbed 

mussels (Geukensia demissa) that settled when reared at 3 water temperatures (19, 23, 

and 28°C) at A) 18–26 days post fertilisation (DPF) and B) 125–405 growing degree 

days (GDD). The indicated DPF or GDD is the start of a settlement assay, which 

consisted of a 48-h period to allow competent larvae to settle on the substrate offered for 

settlement (an empty adult ribbed mussel valve). 
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Supplemental tables and figures 

 

Table S3-1. Nonlinear and linear regression results for mean shell length per sample (in µm) of larval ribbed mussels 

(Geukensia demissa) reared at 4 water temperatures (15, 19, 23, and 28°C) until 19 days post fertilisation. Nonlinear 

regressions were fit to a concave power function with the equation: shell length (µm) = a * DaysPostFertilisationb.   

 

Non-

linear 

regression 

Temp-

erature Parameter (± SE) 

dferror MSerror 

Mean 

(µm) 
√MSerror 

÷ 

Mean*100 

 

a b  
 

   

 
19 94.60 ± 1.46 0.200 ± 0.006 55 22.21 145.42 3.2%  

 

23 99.11 ± 2.20 0.197 ± 0.009 55 50.04 150.46 4.7%  

 

28 101.09 ± 2.12 0.214 ± 0.009 55 48.28 159.92 4.3%  

Linear 

regression  

Intercept 

(µm) 

Slope 

(µm/d) 

 

   
F p 

 

Adjusted 

R2 

15 108.06 ± 1.20 1.352 ± 0.105 55 18.82 121.84 3.6% 165.97 <0.001  74.7% 

1
0
3
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Figure S3-1. Photograph of a larva of the ribbed mussel (Geukensia demissa) to show 

how shell length and shell width were measured. Shell length was measured as the 

longest length between the anterior and posterior ends. Shell width was measured as the 

widest width between the dorsal umbo and the ventral edge.  
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Figure S3-2. Example layout of a settlement assay for a given temperature treatment 

level (here, 28°C). Each holding tank in the schematic is at 28°C, and there are 3 

beakers within each tank. Beakers B1, B2, and B3 contain a sample of larvae from the 

culture originally reared in Tanks 1, 2, and 3, respectively. This set-up was used to 

minimize possible holding tank effects in the settlement experiment. One empty shell 

valve from an adult ribbed mussel was placed at the bottom of a beaker as the 

settlement substrate. A similar set-up with 3 replicate tanks, each with 3 replicate 

beakers per tank, was concomitantly done for the 19°C and 23°C treatment levels. 
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Figure S3-3. Shell width (mean ± SE) for live larval ribbed mussels (Geukensia 

demissa) in daily samples, reared at 4 water temperatures (nominally 15, 19, 23, and 

28°C), and presented against A) days post fertilisation and B) growing degree days 

(GDD). n = approx. 60 larvae pooled over 3 replicate samples (range: 2–27 larvae per 

sample; mean = 21), per temperature per day post fertilisation or GDD. 
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Figure S3-4. Average shell length (µm) per culture jar for live larval ribbed mussels (Geukensia demissa) in daily samples 

that were reared at 4 water temperatures (nominally 15, 19, 23, and 28°C) with best fit regression models. n = approx. 20 

larvae per sample (range: 2–27 larvae per sample; mean = 21), per temperature per day post fertilisation. For specific 

information about each regression see Table S2-1.  
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Figure S3-5. Shell length (mean µm ± SE) for live larval ribbed mussels (Geukensia 

demissa) in daily samples that were reared at 4 water temperatures (nominally 15, 19, 

23, and 28°C) with best fit regression models. n = approx. 60 larvae pooled over 3 

samples (range: 2–27 larvae per sample; mean = 21), per temperature per Growing 

Degree Day. For specific information about each regression see Table 3-2. 
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Chapter 4. Adult survival, not recruitment, drives ribbed mussel 

(Geukensia demissa) population dynamics in Maritime Canada 

 

Abstract 

 Recruitment limitation is potentially important in structuring populations and 

communities of marine invertebrates throughout the world. Matrix models, which are 

useful tools for understanding the dynamics of complex biological systems, can be used 

to estimate the relative importance of different demographic variables (i.e., survival, 

growth, and recruitment) on a population’s growth rate. In 2015 and 2016, we collected 

demographic data for the ribbed mussel (Geukensia demissa), which is an important 

ecosystem engineer of salt marshes, but is at its northern range limit in Maritime 

Canada. Recruitment of ribbed mussels to salt marshes in Maritime Canada is low 

(recruits made up less than 4% of the population in 2015 and 2016), and populations 

have occasionally been observed to disappear. Thus, we hypothesized that ribbed mussel 

populations may be limited by a small number of recruits. To test this recruitment 

limitation hypothesis, and to determine whether ribbed mussel populations in Maritime 

Canada were more sensitive to fluctuations in recruitment than populations in southern 

New England, we constructed and parameterized a staged-based matrix model for ribbed 

mussels in Maritime Canada and southern New England and New York. Model analyses 

projected a population growth rate (λ) of 0.74 ± 0.03 and 0.76 ± 0.06 in Maritime 

Canada and southern New England and New York, respectively. Elasticity analyses 

indicated that population growth rates were more sensitive to changes in adult survival 
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(elasticity (mean ± SE) = 0.98 ± 0.01 and 0.66 ± 0.10 in Maritime Canada and southern 

New England and New York, respectively) than to any other demographic variable. 

These results suggest that ribbed mussel populations in Maritime Canada are not 

recruitment limited; rather, they may be limited by disturbances affecting adult survival 

(such as winter ice and storm damage). This study is the first integrated assessment of 

ribbed mussel population dynamics at their northern range limit, and provides insight on 

the current status of these populations. 



 

112 

 

4.1.0 Introduction 

 Population matrix models are a useful mathematical tool for studying complex 

biological dynamics and can be used to evaluate the relative importance of different 

demographic variables (i.e., survival, growth, and recruitment) on a population’s growth 

rate (Hughes 1990; Nakaoka 1997; Caswell 2001; Armsworth 2002; Dudas et al. 2007). 

Survival of adults, rather than fecundity or recruitment, is typically the dominant 

demographic variable controlling the population growth rate in long lived animals with 

highly variable recruitment (Ripley and Caswell 2006; Dudas et al. 2007; Ripley and 

Caswell 2008; Katsanevakis 2009). Ripley and Caswell (2008) parameterized matrix 

models for several species of bivalves and found that survival parameters had the 

greatest influence on population growth rate in species with expected life spans of at 

least 6 years. In Maritime Canada, recruitment to ribbed mussel (Geukensia demissa) 

populations is low (Watt et al. 2010; Chapter 2). Watt et al. (2010) observed population 

disappearance at one site and no new recruits at several sites for 3 years in Maritime 

Canada. Thus, it was suggested that low recruitment may limit the size of ribbed mussel 

populations in Maritime Canada.  

 Although recruitment limitation has been the focus of numerous studies and is 

potentially important in structuring populations and communities of marine invertebrates 

throughout the world (Gaines and Roughgarden 1985; Hughes 1990; Peterson and 

Summerson 1992; Lacharité and Metaxas 2013; Palardy and Witman 2014), it is seldom 

defined clearly. When recruitment limitation is defined, these definitions vary widely 

(Münzbergová and Herben 2005). Here, we defined a recruitment limited population as 

that with a temporal correlation between recruitment and population size; i.e., if the 



 

113 

 

number of recruits is increased, adult population size will similarly increase (Doherty 

and Fowler 1994; Gaines and Lafferty 1995; Armsworth 2002); recruitment refers to 

juveniles that are added to the population. Numerous studies on recruitment limited 

populations have observed strong correlations between the number of juveniles and the 

number of adults in subsequent years (Peterson and Summerson 1992; Doherty and 

Fowler 1994; Shanks and Roegner 2007). In recruitment limited populations, recruit and 

juvenile abundance should have a larger effect on the population growth rate than adult 

abundance, survival, or growth parameters. Unfortunately, recruitment limitation is 

rarely empirically studied and very few studies have modelled recruitment limited 

populations using matrix models (but see Hughes 1990).  

 To provide a useful comparison, we constructed and parameterized stage-based 

matrix models for ribbed mussel populations in two regions: Maritime Canada and 

southern New England and New York. We used demographic information that we 

collected in Maritime Canada (Virgin and Barbeau 2017a, Chapters 2 and 3), as well 

demographic information from the scientific literature in southern New England and 

New York (Brousseau 1984; Bertness and Grosholz 1985; Franz and Tanacredi 1993; 

Franz 2001). To evaluate what demographic variables ribbed mussel populations were 

most sensitive to, and if this changed throughout their range, we conducted elasticity 

analyses. Ribbed mussel populations are substantially smaller at their northern range 

limit, Maritime Canada, and thus may be more sensitive to fluctuations in recruitment 

than populations further south. Our study is the first integrated assessment of ribbed 

mussel population dynamics at their northern range limit and provides insight on the 

current status of these populations. This modelling exercise also complements a set of 
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recent field studies (Chapter 2) to provide essential baseline information to compare 

potential future changes in population dynamics due to climate change (Walther et al. 

2002). 

4.2.0 Methods  

4.2.1 Study species  

 Ribbed mussels (Geukensia demissa) are important contributors to the health and 

productivity of salt marsh ecosystems along the east coast of North America (Bertness 

1984; Angelini et al. 2016). However, ribbed mussel population dynamics in Maritime 

Canada have been little studied compared to those south of Cape Cod and further south 

in the USA (Watt et al. 2010; Virgin and Barbeau 2017a). Ribbed mussels are dioecious 

and spawn once per summer, in late July or August, in Maritime Canada (Virgin and 

Barbeau 2017a). Larval ribbed mussels were not observed to settle earlier than after 18 

days in the water column at 19 and 23°C; their shell length is approximately 200 µm at 

settlement (Chapter 3). Juvenile ribbed mussels grow rapidly and have high mortality 

(Brousseau 1984; Bertness and Grosholz 1985; Franz 2001). Ribbed mussels become 

reproductively active between 20 and 30 mm (Franz 1996) and in Maritime Canada their 

population is approximately 44% female and 56% male (Chapter 2); in southern New 

England ribbed mussel populations are approximately 50% female and male (Brousseau 

1982). Ribbed mussel densities vary significantly among and within sites in Maritime 

Canada, ranging from 0 to 500 individuals m-2 (mean ± SE = 50.5 ± 4.6 individuals m-2) 

and only a small proportion (between 2.5 and 3.7%) of the population is composed of 

recruits (Chapter 2). In coastal New York, ribbed mussel populations are dense (mean ± 
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SE = 9934 ± 914 individuals m-2) and recruits represent a substantial proportion of the 

population (15.5–79.6%, mean ± SE = 55.45 ± 18.48%; Franz 2001).  

4.2.2 Construction of the population matrix model  

 Our model is a stage-based matrix model (Caswell 2001). The stages in our 

model are first year juvenile (𝐽1, 0.20 mm < shell length < 10.00 mm), second year 

juvenile (𝐽2, 10.00 mm ≤ shell length < 30.00 mm), and adult (𝐴, shell length ≥ 30.00 

mm). These stage classes are based on our von Bertalanffy growth model (described in a 

later section) and the shell length at which ribbed mussels become reproductively active 

(~30 mm; Franz 1996). We chose a stage-based matrix model because most processes 

affecting ribbed mussels are size specific (Bertness and Grosholz 1985; Franz 1996). 

The matrix model has the form  

 [

𝑛1

𝑛2

𝑛3

]

𝑡+1

= [
0 0 𝑅

𝐺1 𝑃2 0
0 𝐺2 𝑃𝐴

] [

𝑛1

𝑛2

𝑛3

]

𝑡

,   (Eq. 4.1) 

where 𝑛1, 𝑛2, and 𝑛3 represent the density (no. individuals m-2) of females in stages J1, 

J2, and A, respectively. The time step (from t to t+1) of the model is one year. In the 

transition matrix, parameters 𝑃2 and 𝑃𝐴 are the probabilities individuals in stages J2 and 

A, respectively, survive to the following year but remain in the same stage. Parameters 

𝐺1and 𝐺2 are the probability individuals in stages J1 and J2, respectively, survive to the 

following year and grow enough to progress to stage J2 and A, respectively. Finally, 𝑅 is 

the average number of female recruits (< 10 mm shell length) produced per adult female 

ribbed mussel. The output of the population matrix model, population growth rate, is the 

dominant eigenvalue (λ). 
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4.2.3 Estimation of the parameters in the transition matrix    

 Most transition rates and probabilities for ribbed mussels in Maritime Canada 

were estimated based on data from Maritime Canada (Virgin and Barbeau 2017a; 

Chapter 2; Chapter 3). However, ribbed mussels have not been extensively studied in 

Maritime Canada and so estimates of juvenile survival could only be obtained from 

populations in southern New England and New York (Brousseau 1984; Bertness and 

Grosholz 1985; Franz 2001). Transition rates and probabilities for ribbed mussels in 

southern New England and New York were estimated from the published literature 

(Table 4-1). 

The number of female recruits per female adult was calculated as  

𝑅 =
𝑛1

𝑛3
,   (Eq. 4.2) 

 where 𝑛11
is the density of new female recruits and 𝑛3 is the density of adult females 

from field sampling (Chapter 2; Franz 2001). Growth parameters were calculated as 

𝐺𝑖 = 𝛾𝑖𝜎𝑖,    (Eq. 4.3) 

where 𝛾𝑖 is the probability of a mussel growing from stage 𝑖 to the next, and 𝜎𝑖 is the 

survival probability of stage 𝑖. 𝛾𝑖 was calculated as 

𝛾𝑖 =
𝑔𝑖

∆𝐻𝑖
,    (Eq. 4.4) 

where 𝑔𝑖 is the yearly growth rate (in mm yr-1) of a mussel at stage 𝑖 and ∆𝐻𝑖 is the 

width of that size class (in mm); 𝑔𝑖 was obtained from the von Bertalanffy growth model 

described in the next section. 𝑃2 was calculated as  

𝑃2 = 𝜎2(1 − 𝛾2).                       (Eq. 4.5) 

𝑃𝐴 was calculated as  
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𝑃𝐴 = 𝑒𝑥𝑝 (
𝑙𝑛0.01

𝑎𝑚𝑎𝑥−𝑎𝑚𝑖𝑛
),              (Eq. 4.6) 

where 𝑎𝑚𝑎𝑥 is the maximum and 𝑎𝑚𝑖𝑛 is the minimum age of an adult mussel. This 

function assumes 1% of the individuals at age 𝑎𝑚𝑖𝑛 survive until age 𝑎𝑚𝑎𝑥 (Ripley and 

Caswell 2008). Approximately 1% of the individual mussels that had their shell length 

measured were in the oldest age class (i.e., shell length larger than 75 mm and more than 

20 years old). Thus, we assumed only 1% of individual ribbed mussels survived to the 

oldest observed age class. In Maritime Canada, 𝑎𝑚𝑎𝑥 was identified using the longest 

individual shell length (based on counting the number of growth rings over 293 adult 

mussels; Chapter 2) and the von Bertalanffy growth model described in the next section. 

In southern New England and New York, 𝑎𝑚𝑎𝑥 was estimated based on maximum 

recorded ages from different ribbed mussel populations (over 14 different ribbed mussel 

populations with varying numbers of adult mussels; Brousseau 1984; Bertness and 

Grosholz 1985; Franz and Tanacredi 1993; Franz 2001).  

4.2.4 von Bertalanffy growth model 

 To build a von Bertalanffy growth model for ribbed mussels in Maritime Canada, 

we first collected adult ribbed mussels at 3 sites in the southern Gulf of St. Lawrence 

throughout May–October 2015 (Virgin and Barbeau 2017a; Chapter 2). The age of each 

individual was estimated using external shell rings (Brousseau 1984; Bertness and 

Grosholz 1985; Chapter 2). Growth per year and shell length at age were estimated by 

measuring the distance between subsequent growth rings as well as between a growth 

ring and the umbo. Shell length and age at settlement was also included so that very 

small individuals were represented (Virgin et al. 2018; Chapter 3). Shell length (from the 
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umbo to the posterior end) at age data were fit to the inverse von Bertalanffy growth 

model (von Bertalanffy 1938; Mackay and Moreau 1990) using nonlinear least squares 

in R (R Core Team 2016). We used the inverse von Bertalanffy growth model so that we 

could predict age at length from ribbed mussels measured in the field; age of ribbed 

mussels is difficult and time consuming to measure compared to shell length. Further, 

the von Bertalanffy growth model is often used for bivalves (Brousseau 1984; Morsan 

and Ciocco 2004; San Migeul 2004) because growth rapidly decreases with increasing 

shell length (e.g., Bertness and Grosholz 1985; Breen et al. 1991; Franz 2001). The 

inverse von Bertalanffy growth model has the form  

𝑡 = −
1

𝐾
𝑙𝑛 (1 −

𝑙𝑡

𝑙∞
) + 𝑡𝑜 ,        (Eq. 4.7) 

 where 𝐾 is the growth rate, 𝑙∞ is maximum shell length, 𝑙𝑡is length at time 𝑡, and 𝑡𝑜 is 

the age at which individuals are added to the population. We defined 𝑡𝑜 as time to ribbed 

mussel settlement and estimated it using ribbed mussel settlement data (Chapter 3).     

4.2.5 Uncertainty and elasticity analyses 

 Each model parameter was estimated with a certain amount of uncertainty, which 

results in uncertainty in the model output. To estimate the variation in our model output, 

we drew each parameter 1000 times from its sample distribution, which was constructed 

using its average, SD, and an appropriate probability distribution. Parameters that were 

proportions (e.g., 𝑃2 and 𝐺2) had a beta distribution, and non-negative parameters (e.g., 

𝑅 and 𝑙∞) had a gamma distribution (Barbeau and Caswell 1999). We then used Monte 

Carlo methods to obtain distributions of age at length (from the von Bertalanffy growth 
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model) and population growth rate (from the population matrix model), and to calculate 

standard deviations.  

 We used elasticity analysis (also called proportional sensitivity) to estimate how 

sensitive the output of the population matrix model (i.e., population growth rate) is to 

each parameter. To calculate elasticity of population growth rate to a given demographic 

parameter, a parameter value was first decreased by 1% and the population growth rate 

(λ) calculated using the matrix model. Elasticity was then calculated as 

𝑒𝑝 =
(

𝜆𝑝−𝜆(0.99𝑝)

𝜆(0.99𝑝)
)

0.99
,     (Eq. 4.8) 

where 𝜆𝑝 is the population growth rate from the unperturbed matrix model and 𝜆(0.99𝑝) is 

the population growth rate from the model with the reduced parameter (𝑝) value. To 

obtain a distribution of elasticities for a given parameter, ep was calculated for each of 

the 1000 drawn values for that parameter (described for the uncertainty analysis above); 

this distribution of elasticities for a given parameter is represented as a box plot or SD. 

4.3.0 Results 

 The von Bertalanffy growth model was accurate in predicting age at shell length 

for ribbed mussels in Maritime Canada for shell lengths below 55 mm, well above the 

range of interest for our modelling exercise (shell length < 30 mm; Fig. 4-1). We were 

mainly interested in the growth rates of juvenile (< 30 mm) mussels because their 

survival and growth parameters (i.e., 𝑃 and 𝐺, respectively) are directly dependent on 

their growth rate. However, our shell growth model slightly under-predicted age at shell 

length for ribbed mussels above 55 mm (by ~ 10%). This may moderately affect adult 
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(>30 mm) survival, because it is based on shell length at age (from shell rings) and size 

frequency distributions of mussels in situ.  

 Ribbed mussels in Maritime Canada grew slower, reached adulthood later, were 

longer lived, and produced fewer female recruits per adult female than those in southern 

New England and New York (Table 4-1). However, population growth rates (𝜆) of 

populations in Maritime Canada were similar to those in southern New England and 

New York, 0.74 ± 0.03 and 0.76 ± 0.06, respectively (Table 4-2). This projected 

population growth rate was less than 1 for both regions. 

 Elasticity analyses indicated that population growth rates of ribbed mussels in 

Maritime Canada and southern New England and New York were more strongly 

affected by adult survival than any other demographic parameter (Table 4-2; Fig. 4-2). 

Variation in elasticity was also greater for adult survival than other demographic 

parameters. However, populations in southern New England and New York were 25 

times more sensitive to changes in recruitment than populations in Maritime Canada. 

Furthermore, the range of values of elasticity to adult survival was substantially smaller 

in Maritime Canada (0.933 < 𝑒𝑃𝐴
 < 0.997) than southern New England and New York 

(0.346 < 𝑒𝑃𝐴
 < 0.942; Fig. 2).  

4.4.0 Discussion 

4.4.1 What limits ribbed mussel populations in Maritime Canada?  

 Elasticity analysis indicated that populations of ribbed mussels (Geukensia 

demissa) in Maritime Canada as well as in southern New England and New York do not 

appear to be recruitment limited as was previously thought (e.g., Watt et al. 2010). 
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Rather, they are limited by processes affecting adult survival, which may be associated 

with winter ice, storm damage and/or predation. Similar patterns of elasticity have been 

observed in other long-lived species with low, variable recruitment, such as corals 

(Gotelli 1991; Linares et al. 2007) and other bivalves (Dudas et al. 2007; Ripley and 

Caswell 2008). In contrast, populations of species that are short lived are often highly 

sensitive to fluctuations in recruitment (Hughes 1990; Peterson and Summerson 1992; 

Gaines and Lafferty 1995). Obviously, without an input of recruits, ribbed mussel 

populations would go extinct. However, the processes affecting survival of their adults 

appear to contribute most to fluctuations in population growth rate.  

 The cause of mortality of adults is likely different for ribbed mussel population at 

their northern range limit compared to in the centre of the range. Predation is a major 

structuring process in ribbed mussel populations from south of Cape Cod to northern 

Florida (Bertness and Grosholz 1985; Stiven and Gardener 1992; Franz 2001). In 

Maritime Canada, we do not think predation is a substantial source of mortality for 

ribbed mussels. Predators of ribbed mussels in southern populations are mainly blue 

crabs (Callinectes sapidus; Bertness and Grosholz 1985), which do not occur in 

Maritime Canada. We have very occasionally seen European green crabs (Carcinus 

maenas) in the low marsh zone (M.A. Barbeau, personal observation), but never 

foraging on ribbed mussels.  

 Disturbance events associated with winter, such as ice rafting, ice scour, and 

winter storm damage, are probably primary sources of juvenile and adult mortality in 

Maritime Canada and northern New England (e.g., New Hampshire; Hardwick-Witman 

1985). Winter storms are expected to become more frequent and severe as climate 
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changes (Lemmen et al. 2016) and so their effects on ribbed mussel population 

dynamics may become more pronounced. Each winter, large sections (chunks > 1 m2 x 

0.25 m depth) of the low marsh edge containing ribbed mussels are carried into the high 

marsh by ice rafting (S.D.S. Virgin and M.A. Barbeau personal observation in Maritime 

Canada; Hadwick-Witman 1985 in New Hampshire; Bertness and Grosholz 1985 in 

Rhode Island), and these mussels then die in the late spring or early summer. One winter 

storm in December 2010 heavily damaged the edge of a salt marsh in Pugwash, which 

greatly reduced the ribbed mussel population at that site (individual density in summer 

2010: 12.4 m-2
 and in 2011: 1.3 m-2; Virgin and Barbeau 2017a). As well, newly crushed 

mussels and shell fragments are commonly found along the marsh edge in spring, but are 

not observed during the summer or fall. A lack of crushed individuals throughout 

summer suggests that crushing is mainly due ice damage over winter, not predation. 

Further, the periostracum (outermost layer of the shell) of live and dead individual 

mussels is often heavily eroded, presumably due to winter ice damage (S.D.S. Virgin 

personal observation; Fig S4-1). Because of the length and severity of winters in 

Maritime Canada, their effects on populations of ribbed mussel should be quantified.    

4.4.2 How do population dynamics differ between Maritime Canada and southern New 

England? 

 In salt marshes in southern New England and New York, ribbed mussels have a 

shorter lifespan than those from Maritime Canada, probably because they experience 

substantial predation and crowding effects on adult and juvenile growth and juvenile 

survival (Brousseau 1984; Bertness and Grosholz 1985; Stiven and Gardener 1992; 
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Franz and Tanacredi 1993; Franz 2001).  That is, population dynamics of ribbed mussels 

in southern New England and New York are density dependent (see section 4.4.3). Low 

predation, and thus a longer lifespan, may explain why ribbed mussels in Maritime 

Canada are more sensitive to fluctuations in adult survival and less sensitive to 

fluctuations in recruitment than southern populations. Species with shorter lifespans are 

more prone to recruitment limitation than species with longer lifespans (Hughes 1990; 

Peterson and Summerson 1992; Gaines and Lafferty 1995). Franz (2001) monitored 

recruit and adult densities of ribbed mussels in Jamaica Bay, New York, over 9 years 

and observed that recruit density was temporally correlated with adult density in 

subsequent years; when the number of recruits was low, the number of adults in 

subsequent years was low. As well, Bertness and Grosholz (1985) estimated that, if 

mortality due to predation increased, their ribbed mussel population in Rhode Island 

would decrease by 90% within 5 years and no juveniles would survive. Since ribbed 

mussels are long lived (>20 y in Maritime Canada), long term field studies on their 

population dynamics (similar to Franz 2001) should be conducted to more fully assess 

their long-term recruitment dynamics.   

4.4.3 Model assumptions  

 To model ribbed mussel populations in Maritime Canada and southern New 

England and New York, we made several assumptions about different demographic 

variables. First, based on comparing the relatively low densities observed in Maritime 

Canada (approximately 50 individuals m-2) to the high densities in southern New 

England (1500–9000 individuals m-2, Chapter 2; Bertness and Grosholz 1985; Franz 
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2001), we assumed that all parameters affecting ribbed mussel populations in Maritime 

Canada were density independent. This assumption of density independence is supported 

by the apparent lack of competition for space and lack of crowding effects on shell 

growth morphologies. Ribbed mussels with distorted shells (i.e., exhibiting a highly bent 

morphology) are common in southern New England and New York, where they occur at 

extremely high densities (Bertness and Grosholz 1985). In Maritime Canada, we have 

never observed a ribbed mussel that exhibits a highly bent morphology, further 

supporting our assumption of density independence. For the present modelling exercise, 

we also assumed that demographic parameters for southern populations were density 

independent. However, this assumption is not justified; rather ribbed mussel populations 

in Rhode Island and New York appear negatively density dependent where, as 

population size increases, individual survival, growth, and recruitment decrease 

(Bertness and Grosholz 1985; Franz 2001). This will affect the range of population 

growth rates and elasticities we calculated in our modelling exercise for these 

populations. In a density dependent situation, recruitment limitation may play an 

important role on the population growth rate (Doherty and Fowler 1994; Forrester 1995).  

 Second, we assumed that our study population, the different sites we studied in the 

Northumberland Strait, is closed. This assumption is supported by the rare occurrence, 

very patchy distribution, and very low densities (below 1 individual m-2) of ribbed 

mussels in salt marshes along the Atlantic coast of Nova Scotia (L.K. Boone and M.A. 

Barbeau unpublished data) and Maine (Virgin and Barbeau 2017b). Thus, because of 

very low population densities between Cape Cod and the Northumberland Strait, we 

expect limited connectivity between more central populations (south of Cape Cod to 
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New York) and Maritime Canada. Genetic population structure among ribbed mussel 

populations in Maritime Canada and in the USA need to be investigated to properly 

assess the assumption of low connectivity. Further north, along the Gulf coast of New 

Brunswick, ribbed mussel populations become low and patchy (Virgin and Barbeau 

2017b), which reflects the northern range limit of this species; this further supports that 

our study population is a relatively closed. Thus, based on our assumption of a closed 

population, we estimated local recruitment to be proportional of the number of adults.  

 Finally, we assumed that shell rings are an accurate representation of yearly 

growth of ribbed mussels in Maritime Canada. This assumption was supported by the 

well-established use of growth rings for ribbed mussels in southern New England and 

further south (Brousseau 1984; Bertness and Grosholz 1985; Franz 2001). However, 

severe winter storms and extended ice cover in Maritime Canada may erode ribbed 

mussels posterior shell margin. This could lead to lower than actual measurements of 

shell growth, which would affect juvenile and adult survival parameters and juvenile 

growth parameters. Furthermore, because shell growth decreases as shell length 

increases, shell margin erosion would have a larger effect on measured adult ribbed 

mussel growth, which could affect our observed maximum lifespan. However, we do not 

believe that erosion of the posterior shell margin is a substantial problem in Maritime 

Canada based on growth rates we observed for large juveniles (1.9–5.1 mm per 90 days; 

Chapter 2) and growth rates reported for adults from mid-June to mid-September in 

Maritime Canada (0.5–4.4 mm; L.K. Boone and M.A. Barbeau, Unpublished data). 

These measurements of shell growth are similar to those from the growth ring data, 

although they are slightly lower because the growth ring data encompasses an entire 
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growing season. Thus, erosion of the posterior shell margin in Maritime Canada is likely 

minimal.  

4.4.4 Future research  

 Ribbed mussel populations in Maritime Canada have only recently started to be 

studied compared to their southern counterparts. In southern New England and further 

south, numerous studies exist on ribbed mussel population dynamics (e.g., Brousseau 

1984; Bertness and Grosholz 1985; Franz and Tanacredi 1993; Derksen-Hoojiberg et al. 

2017), including a long term (over 9 y) monitoring study in New York by Franz (2001). 

In Maritime Canada, long-term population studies are needed to fully assess interannual 

variation in recruitment. Such studies would allow one to determine if the population 

growth rate (i.e., λ) reaches or surpasses 1, which would indicate a sustainable 

population. Population size structure should also be measured over multiple years to 

assess interannual changes in population structure (i.e., does the number of recruits 

influence the number of adults in later years?). Furthermore, shorter-term studies should 

be conducted to determine the effect of winter on population structure and individual 

survival in Maritime Canada (e.g., Hardwick-Witman 1985), given that adult survival 

has been identified as being a driving demographic variable in our modelling exercise. 

To accurately assess local juvenile and adult mortality in different seasons, tethering or 

marked recapture studies should be conducted (e.g., Bertness and Grosholz 1985). 

Currently, we are examining the relationship between shoreline damage and ribbed 

mussel density to determine if the two are inversely related. Long term population 

dynamics data and short term mortality data would provide useful tests of the 
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conclusions of our modelling study, as well as valuable insights into the effects of 

climate change on long term ribbed mussel population dynamics.  

 It would also be useful to model ribbed mussel population dynamics near their 

southern range limit to fully determine how different parameter estimates affect ribbed 

mussel population growth rates throughout the species’ range. This could be done using 

ribbed mussel population dynamics data from Derksen-Hoojiberg et al. (2017) for a 

population of ribbed mussels in Georgia.  

4.4.5 Conclusions 

 We found that ribbed mussel populations in Maritime Canada and southern New 

England and New York are limited by adult survival, not recruitment. Nevertheless, 

ribbed mussel populations in southern New England and New York showed sensitivity 

to fluctuations in recruitment, much more than those in Maritime Canada. Increased 

sensitivity to recruitment is potentially because ribbed mussels in southern New England 

and New York have a shorter lifespan and suffer from density dependent effects on 

survival and growth, as well as increased predation (Bertness and Grosholz 1985; Stiven 

and Gardener 1992; Franz 2001) than ribbed mussels in Maritime Canada. Disturbance, 

mainly due to winter ice and storm damage, is probably the principle factor limiting 

ribbed mussel populations in Maritime Canada. Predicted increases in mean global sea 

surface temperatures, which are expected to increase the severity and frequency of 

winter storms in northeastern North America (Cohen et al. 2017), could have substantial 

effects on the population dynamics of this important ecosystem engineer (Bertness 1984) 

at their northern range limit, Maritime Canada. Future research on ribbed mussels in 
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Maritime Canada should focus on quantifying their long-term population dynamics, 

especially with regards to juvenile growth and juvenile and adult survival, and the 

effects of winter disturbance.  
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Tables 

 Table 4-1. Parameter symbols, units and values (± SE or SD) for modelling ribbed 

mussel (Geukensia demissa) populations in two regions. Note that recruitment, R, in 

New England and New York is the only parameter for which SE was calculated instead 

of SD (i.e., we calculated the SD of several means). For von Bertalanffy growth 

parameters 𝒍∞ (maximum shell length in mm) and 𝑲 (growth rate), SD were calculated 

using nonlinear least squares. For age at settlement, 𝒕𝒐, and recruitment, R, in Maritime 

Canada, SD were calculated based on laboratory and field data, respectively. For all 

other parameters, SD were calculated using Monte Carlo simulations of equations 4.2–

4.6. For these simulations, each parameter value was drawn 1000 times from an 

appropriate probability distribution. Probability or proportion parameters had a beta 

distribution, and non-negative parameters had a gamma distribution.  Parameters without 

units are dimensionless. Sources of information indicated by letters beside each 

parameter value. See text in methods for more description of the parameters. 
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Parameter 

symbol 
Parameter description Units 

Maritime 

Canada 

New England 

and New York 
Both regions 

𝛾1 
Probability of small juvenile 

growing to a large juvenile  
 

  
1.00a,b 

𝛾2 
Probability of large juvenile 

growing to an adult 
 0.39 ± 0.03a 0.46 ± 0.02b,c 

𝑙∞ Maximum shell length mm 104.90 ± 3.52a 
  

𝐾 Growth rate  0.0914 ± 0.006a 
  

𝑡𝑜 Age at settlement year 0.0678 ± 0.001d 
  

𝜎1 
Probability of small juvenile 

surviving to the next time-step 
 

  
0.50 ± 0.10c,d 

𝜎2 
Probability of large juvenile 

surviving to the next time-step 
 

  
0.60 ± 0.10c 

𝑎𝑚𝑖𝑛 Minimum adult mussel age year 3.77 ± 0.28a 1.7 ± 0.2b 
 

𝑎𝑚𝑎𝑥 Maximum adult mussel age year 19.24 ± 2.23a 13.28 ± 2.47b,c,e,f 
 

𝑃2 

Probability of large juveniles 

surviving and not growing to 

adults 

 0.37 ± 0.07 0.20 ± 0.04 

𝑃𝐴 
Probability of adult surviving 

to the next timestep 
 0.74 ± 0.03 0.66 ± 0.06 

𝐺1 

Probability of small juvenile 

growing and surviving to large 

juvenile 

 
  

0.50 ± 0.10 

𝐺2 
Probability of large juvenile 

growing and surviving to adult 
 0.14 ± 0.03 0.17 ± 0.03 

1
3
0
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Sources of information:  aThis chapter; bBrousseau 1984; cBertness and Grosholz 1985; dChapter 3; eFranz 2001; fFranz and 

Tanacredi 1993; gChapter 2 

 

 

 

𝑅 Recruitment 

no. female 

recruits per 

adult female  

0.011 ± 0.002g 0.55 ± 0.19e 

1
3
1
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Table 4-2. Results of elasticity analysis showing population growth rate (𝝀) for the 

original matrix model (i.e., the matrix model with no perturbation), and elasticity and 

population growth rate for matrix models with a specified parameter decreased by 1% 

for ribbed mussel (Geukensia demissa) populations in two regions. The mean ± SD were 

obtained from Monte Carlo simulations (of Eq. 4.2–4.6) where each parameter was 

drawn 1000 times from an appropriate probability distribution, and a distribution of 

population growth rate was generated. Elasticity was then calculated using Eq. 4.8. See 

Table 4.1 for a description of the parameters. Note that these data are also presented in 

Fig. 4-2.  

 

 

 

 

 

 

 

Region  
Parameter 

(decreased by 1%) 

Elasticity 

(proportion) 

Population 

growth rate (𝜆) 

Maritime Canada Model with no perturbation 0.7425 ± 0.0272 

 𝑃2 0.0045 ± 0.0037 0.7425 ± 0.0272 

 
𝑃𝐴 0.9834 ± 0.0092 0.7352 ± 0.0269 

 
𝐺1 0.0039 ± 0.0018 0.7425 ± 0.0272 

 
𝐺2 0.0039 ± 0.0018 0.7425 ± 0.0272 

 
𝑅 0.0039 ± 0.0018 0.7425 ± 0.0272 

   

New England and 

New York 

 

Model with no perturbation 0.7652 ± 0.0578 

𝑃2 0.0365 ± 0.0162 0.7649 ± 0.0578 

 
𝑃𝐴 0.6640 ± 0.0999 0.7601 ± 0.0575 

 
𝐺1 0.0994 ± 0.0287 0.7644 ± 0.0577 

 
𝐺2 0.0994 ± 0.0287 0.7644 ± 0.0577 

 
𝑅 0.0994 ± 0.0287 0.7644 ± 0.0577 
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Figures 
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Figure 4-1. Shell length (from the umbo) at age of ribbed mussels (Geukensia demissa) 

in Maritime Canada based on shell growth rings (Chapter 2) and on the inverse von 

Bertalanffy growth model (VBGM, Eq. 4.7). For the growth ring data, error bars are 1 

SD, n = 293 mussels measured and 1–293 measurements per age. Note that error bars 

are present for the youngest mussels (i.e., recently settled mussels), but they are very 

small. Error bars are not present for oldest mussel because we only collected one 23-

year-old mussel. For VBGM, error bars for age represent 1 SD. Standard deviations 

were obtained from Monte Carlo simulations (of Eq. 4.7) where shell length or age was 

drawn 1000 times from a gamma distribution for each known age based on shell ring 

data. Note that for this graph, the dependent variable is on the x-axis and the 

independent variable is on the y-axis to present a traditional von Bertalanffy plot.  
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Figure 4-2. Elasticity of population growth rate (λ) of ribbed mussels (Geukensia 

demissa) to a small perturbation (a 1% decrease) in each model parameter for 

populations in a) Maritime Canada and b) southern New England and New York. A 

box plot represents 1000 simulations of each perturbed matrix model. Monte Carlo 

simulations were conducted by drawing each parameter 1000 times from an 

appropriate probability distribution to generate a distribution of the population growth 

rate (λ). Elasticity was then calculated using Eq. 4.8. As an example on how to 

interpret this graph, a 1% increase in parameter P2 in southern New England and New 

York led to an average increase of 4 % (range 0.6–11%) in λ compared to the 

unperturbed model. Note that these data are also presented in Table 4-2. P2 and PA 

parameters represent survival from large juvenile to adult and adult from year to year, 

respectively. G parameters represent growth from small to large juvenile and from 

large juvenile to adult. R represents recruitment per adult female. See Table 4-1 and 

text for a more detailed description of parameters. Upper and lower box edges 

represent 25th and 75th percentiles, respectively; whiskers, 1.5 × inter quartile range; 

circles are points outside this range; thick horizontal bar represents the median. 
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Supplemental figure 

  

Figure S4-1. An adult ribbed mussel (approximately 65 mm shell length) from Cape 

Jourimain, New Brunswick, with typical damage to the periostracum (i.e., the outermost 

layer of the shell). 
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Chapter 5. General Discussion  

 In this thesis, my overarching goal was to determine the population dynamics of 

ribbed mussels (Geukensia demissa) at their northern range limit. To do this, I examined 

the effect of two conspicuous microhabitats on a suite of ribbed mussel population and 

demographic variables (Chapter 2), and the effect of temperature on survival, growth, 

and settlement of larval ribbed mussels (Chapter 3). I then incorporated these data, as 

well as other published data, into a matrix model for ribbed mussel populations at their 

northern range limit, Maritime Canada (Chapter 4), to determine whether ribbed mussel 

populations are limited by the number of recruits. I determined that ribbed mussel 

population dynamics in Maritime Canada were variable within and among sites, 

(Chapters 2 and 3). As well, their population dynamics are strongly affected by adult 

survival, suggesting that adult survival is the most important demographic variable in 

ribbed mussel populations (Chapter 4).    

  Although ribbed mussel populations have long been established in Maritime 

Canada (Bell 1859), their population dynamics were little studied compared to those in 

southern New England and further south in the USA prior to my thesis research. I 

provided the first measurements of spat settlement, individual growth, and population 

structure of this potentially important ecosystem engineer in multiple salt marshes at 

their northern range limit, Maritime Canada (Chapter 2). Species at their northern range 

limits are generally not well studied (Sexton et al. 2009). This is especially true for non-

charismatic species (i.e., those of little interest to humans) perceived as having no or low 
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economic value (e.g., no commercial fishery) that also occupy regions sparsely 

populated by humans.  

Maritime Canada, specifically the Northumberland Strait within the southern 

Gulf of St. Lawrence, represents the northern range limit for numerous warm water 

marine species. Several of these warm water species have disjunct distributions (i.e., two 

or more populations of the same species separated by a large geographic distance) such 

as lady crabs Ovalipes ocellatus (Voutier and Hanson 2008), hard clams Mercenaria 

mercenaria (Dillon and Manzi 1992), and oysters Crassostrea virginica (Gosner 1978). 

These disjunct populations may be a result of relatively high sea surface temperatures 

(>22°C) and bottom temperatures (>18°C) in the mid and late summer in the 

Northumberland Strait. Water temperatures in the Northumberland Strait during the 

summer are more similar to water temperatures in Cape Cod than along the Atlantic 

coast of Nova Scotia or in the Bay of Fundy (Voutier and Hanson 2008). Despite these 

many disjunct populations, and the many interesting biological questions that could be 

asked about them, my thesis provided the first in-depth look at the population dynamics 

of one of these disjunct species at its northern range limit. The data that I collected also 

provides important baseline information about ribbed mussel population dynamics in 

Maritime Canada and will be useful for meta-analyses about population dynamics across 

the species range. These data could be used to assess future possible effects of climate 

change or long-term population stability.    

Despite the established importance of ribbed mussels to the health and 

productivity in salt marshes in southern New England and further south (Bertness 1984), 

prior to my thesis research, their larval ecology had never been studied in detail. I first 
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established the effect of temperature on larval ribbed mussel survival, growth, and 

settlement (Chapter 3). I then established the utility of a cumulative energy scale (i.e., 

growing degree days, GDD) as a predictor of ribbed mussel length at GDD. Although 

the effect of temperature on the larval biology of marine invertebrates is well 

established, different organisms have specific temperature thresholds for proper 

development. I established the lower threshold for settlement of larval ribbed mussels 

from Maritime Canada as >15 °C. Temperature thresholds are useful as they can be used 

to estimate the density and distribution of adults. However, larval temperature thresholds 

can vary widely throughout a species range (Bayne 1965). Because ribbed mussels in 

Maritime Canada are probably not strongly connected (if at all) to populations in 

southern New England and further south, they may be more cold-tolerant than those in 

southern New England and further south. Note that the effect of temperature on the 

larval biology of southern lineages of ribbed mussels still needs to be studied.     

Cumulative energy scales have been used to predict growth of plants, insects, 

and fish for several decades (Bonhomme et al. 2000). However, despite its well 

established usefulness, cumulative energy scales have received relatively little attention 

for larval marine invertebrates and have never been used to predict larval or adult 

bivalve growth (Neuheimer and Taggart 2007). When measuring growth at a specific 

temperature, or a range of temperatures, a cumulative energy scale should always be 

calculated and presented along with a temporal scale. Because cumulative energy scales 

combine time and temperature, cumulative energy data can be used to build a simple 

model for growth that can be used across a wide range of temperatures, as well as when 

temperatures are variable. This greatly simplifies modelling individual growth in the 
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field, where temperatures can fluctuate widely throughout a day. Further, a cumulative 

energy scale allows researchers to pinpoint when changes in resource allocation occur. I 

found that, despite the temperature larval ribbed mussels were grown at, they altered 

their resource allocation at approximately 120 GDD, probably in preparation for 

settlement. When most marine invertebrates become reproductively active their growth 

rate slows due to changes in resource allocation (Heino and Kaitala 1999). A cumulative 

energy scale provides a less invasive way to estimate length at reproduction, especially 

in species with small populations. Cumulative energy scales are an extremely useful, yet 

underutilized, tool that nicely simplify growth models and can provide information 

about changes in resource allocation.   

Recruitment limitation is a fundamental concept in ecology that is seldom clearly 

defined (Münzbergová and Heben 2005), but is often used to explain small population 

sizes or population crashes. I used a matrix model to demonstrate that ribbed mussel 

populations in Maritime Canada and southern New England and New York are 

substantially more sensitive to fluctuations in adult survival than juvenile survival or 

recruitment (Chapter 4). Interestingly, more centrally located ribbed mussel populations 

(i.e., where densities and recruitment are extremely high) were more sensitive to 

fluctuations in recruitment than populations in Maritime Canada, likely because of 

increased crowding, high predation, and a shorter life span (Bertness and Grosholz 

1985). To my knowledge, the modelling exercise presented in Chapter 4 is the first study 

to evaluate recruitment limitation of a species throughout its range, despite the relative 

simplicity of matrix models and the ease with which sensitivity to different parameters 

can be determined. 
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This thesis provides useful information on the population biology of ribbed 

mussels in Maritime Canada. I collected substantial field and laboratory data on ribbed 

mussel survival, growth, recruitment, settlement, density and size structure, and 

integrated this information into a model for ribbed mussel populations at their northern 

range limit. This model provides useful insights into ribbed mussel population dynamics 

and enables one to determine how sensitive the model output (i.e., the population growth 

rate) is to fluctuations in different life history stages.  

Future research  

Although I have contributed a considerable amount of information on the biology 

of this important ecosystem engineer at their northern range limit, there is still 

considerable work to be done. I think perhaps the most pressing, and interesting, 

question is whether ribbed mussel populations in Maritime Canada are connected to 

those further south. To answer this question, studies on their population genetics should 

be conducted throughout their range. I have helped collect ribbed mussels in the 

Northumberland Strait so that this question can be addressed in the near future. 

Second, the effects of winter ice and storms on salt marshes in Maritime Canada, 

and the invertebrates that inhabit them, is unknown. Winter ice scour and ice rafting can 

have a strong effect on adult and juvenile mortality in ribbed mussel populations in New 

England (Bertness and Grosholz 1985; Hardwick-Witman 1985). Winter ice cover is 

more extensive and winter storms are more severe in Maritime Canada, so their effects 

need to be empirically determined. In situ studies on tagged or tethered individuals 

should be conducted over multiple years, with a specific focus on separating summer 

and winter mortality. As well, the effect of winter ice and storm damage on the marsh 
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edge should be quantified (i.e., how much of the marsh edge is disturbed?). Considering 

the length of winters in Maritime Canada, this represents a massive knowledge gap on 

these important ecosystems near their northern range limit.  

Other interesting and useful questions about ribbed mussels that could be 

examined are (i) Do they affect salt marsh restoration success? (ii) What are their 

temperature and salinity tolerances? (iii) Will increases in ocean acidity effect their 

ability to withstand winter ice and storm damage? and (iv) How does temperature affect 

larval ribbed mussels from further south; i.e., does the relationship I established hold?  

Beyond my thesis, I plan to assess 3 more questions about ribbed mussel 

population biology. First, using data from chapter 2 of my thesis and Fisheries and 

Oceans Canada, I plan on determining the relationship between adult ribbed mussel 

growth and growing degree days. Second, I plan on assessing recruitment limitation of a 

ribbed mussel population near their southern range limit (Georgia) using data from Dr. 

Christine Angelini at the University of Florida. Finally, to assess how well ribbed 

mussels fit the abundant centre hypothesis or whether they are found in areas with 

specific temperature regimes, I will analyse density and size structure of ribbed mussel 

populations throughout their range (Florida to New Brunswick) using published data 

(south of Maine) and data collected by Dr. Myriam Barbeau and I (Maine and further 

north). 

In conclusion, my thesis provides a substantial amount of new information on the 

population dynamics of ribbed mussels at their northern range limit. However, there is 

still considerable work to be done, especially with regards to population connectivity 

and the effect of winter ice and storm damage. Ribbed mussels are a key component of 
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salt marshes along the east coast of North America and it is important that their 

population dynamics are better understood at their northern range limit.    
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