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General Abstract

The rainbow smelt (Osmerus mordax) is the most abundant and widespread forage fish residing
within the Lake Melville estuary, Labrador, and plays a key role in the upcycling of energy from
lower trophic levels to top predators. Rainbow smelt is an abundant prey for a myriad of animals,
such as salmonids, gadids, flatfish, birds, and marine mammals, and is one of the preferred wild-
caught fishes for subsistence and recreational fisheries in the region. The phenology, including
spawning, of rainbow smelt is attuned to the hydrography of the Lake Melville estuary. For
example, both spawning and hatching periods coincide with increased water temperature in the
spring. With the completion of a new hydroelectric dam in Lake Melville’s main tributary, the
Churchill River, a modification to the natural flow regime of freshwater into the estuary is
expected. Following the demand for electricity, the Churchill River will likely experience lower
than normal runoffs in the spring and summer and higher than normal flows in the fall and winter,
when demand for power is higher. Modifications in the inflow of freshwater in Lake Melville can
result in temperature variations and change the timing of ice formation and break-up as well as the
total duration of ice cover within the estuary. Such changes to the natural flow and hydrography
can impact the life history of rainbow smelt, especially given that Lake Melville is at the northern
limit of the distribution range of the species. Here, | examine the period of spawning and hatching,
and variation in abundance of larvae in relation to temperature and salinity. Additionally, I
document larval growth as well as the age structure, growth, and maturation of adult rainbow smelt
in an effort to understand how the new hydroelectric facility and a changing climate may impact
rainbow smelt phenology. Larval growth rate is up to 3.33 times faster than that of more southern
regions, while the spawning season and hatching period occurred later, which is hypothesized as

being a result of the shorter growth season prevailing at high latitudes. In contrast to early life



stages, our findings confirm that adult rainbow smelt grow slower, mature later, and live longer in
northern populations compared to southern populations, which is likely due to lower metabolic
rate in colder waters prevailing at high latitudes. This thesis contributes to the relative scarcity of
information on the life history processes of rainbow smelt in this region. These gaps in basic life
history information hinder data-driven management decisions on population status and
vulnerability. Additionally, this study provides important baseline information which can be
referenced in future studies examining the impact of hydroelectric dam operation on the life history

of rainbow smelt and, in turn, ecosystem health due to the species’ ecological importance.



Acknowledgements

Thanks to my supervisor Maxime Geoffroy for guidance and support during this thesis as well as
for providing me with so many professional development opportunities outside the scope of this
project. I am also thankful to my co-advisor, Pascal Sirois, for his support and advice while
analysing the otoliths of rainbow smelt larvae. Special thanks to my colleagues at the Center for
Fisheries and Ecosystems Research, especially Jenny Herbig and Julek Chawarski for their
mentorship and assistance during this thesis. | am also grateful to Tiffany Small, whom | worked
very closely with during my time as a graduate student. |1 would also like to thank our student
research assistant Melinda Noad, who helped process samples, as well as Adam Templeton, who
continues to provide technical support for the continuation of this project. Special thanks to Doug
Blake for providing logistic support and knowledge of the ecosystem, to Hollis Yetman, Alex
Reardon and Darryl Reardon for collecting rainbow smelt in winter, to Jim McCarthy and Mathew
Gosse for conducting gill net sampling in the summer and fall, and to Stan Oliver for sampling
advice. Lastly, I would like to thank my parents, Roxane and Jim Sutton, and my partner, Emily

Underwood, for their unwavering support throughout my academic journey.

The Marine Environment Observation, Prediction and Response Network (MEOPAR), the
Department of Fisheries and Oceans — Oceans and Freshwater Contribution Program, the
Natural Sciences and Engineering Research Council of Canada, and Memorial University’s
School of Graduate Studies provided funding to support this study. The NunatuKavut
Community Council, Nunatsiavut Government, and Innu Nation were consulted and supported
this research. This is a contribution to ArcticNet, a Network of Centres of Excellence Canada,

and Ocean Frontier Institute through the Canada First Research Excellence fund.



Table of Contents

GENEIAl ADSIIACT ...ttt et e st e s te et e b e e be e s b e nre e reenee e I
ACKNOWIBAGEMENTS ...ttt ta et e e sre e te e e e s te e beeneesreesreeneeanes iv
TADIE OF CONENTS .....o.viiiiicice bbb bbbt e et et et bbb enbeene e %
S ) T U =TSSR vii
LISE OF TADIES ...t bbbttt b bbbt r e IX
C0-aULOrSNIP SEALEIMENT ........eitiiiiiii bbbt X
Chapter 1: General INtrOdUCTION .........coviiiiiieie s 1
IO S = TSRS 1
1.2 Study area: Lake MEelIVIlIe ............ooiiii s 2
1.3 Trophic intermediates and anadromous fISNES ...........cceveiieiieie i 5
1.4 Study species: Rainbow smelt (OSMErus MOrdaX).........ccceevereereiiieieereeie e eee e 7
1.5 Variability in PheNO0IOQY........coiiiiiieiic e 9
1.6 The importance of early life stages for the recruitment of pelagic fishes........c...cccceeeeni. 10
1.7 OOITNOMELIY ... bbb bbb ene s 12
1.8 Rationale and research ODJECTIVES ..........coviiiiiiiiiieieee e 13
Chapter 2: Hatching, growth, and maturation of rainbow smelt (Osmerus mordax) at the northern
limit of their distribution range (Lake Melville, Labrador) ... 15
N 01 1 - o SRR 15
P20 I 11 0o [ od 1 o] SR 16
2.2 Materials and IMENOUS. ........coviiiiiiiiieeie ettt re e eneas 18
Y00 YA =Y RSOSSN 18
FIEId SAMPIING ..t st et e et e e re e nraeae s 19
ENVIFONMENTAT GALA .....eevveieieeciece ettt st sre e 20
OFOIITN @NAIYSIS. ... bbbttt 21
GIOWEN TAEES ...ttt ettt et e et e s r e te e s e e se e teeneeaneenteeneeaneenneeneenneenees 23
GONAA ANAIYSIS ...ttt bbbt bbb bbbt ene s 24
STALISTICAL ANAIYSES. ...ttt bbbt ene s 25
2.3 RESUITS ...ttt b bRt E bRt e et e et e re e e 25
[ 1[0 0T T 1) PRSP 25
Abundance, hatch date and growth rate of larval smelt..............ccooiiiiiin i, 25



Age and growth rate of adult SMelt..........coooiiii i 27

p O D o T 1] o] PSSP 29
Ecology of rainbow smelt at the northernmost limit of their range ... 29
Potential effects from climate and anthropogenic change ...........cccccevvieiiiece e 32

2.5 CONCIUSION ...ttt bbb bbbt e st et et et s benbesbeeneereas 33

Chapter 3: General CONCIUSION...........ooiiiiieiecie sttt sre e e e nnas 35

R EIENICES ...ttt bbbttt b e bbbttt bbb b ne e 39

QU . ettt bbb bbb R R R Rt n b b ne e 46

Vi



List of Figures

Figure 1. Water masses, physical processes, and circulation modes in fjords. The vertical
density distribution is shown by p(z). Mixing in the basin water occurs essentially at the bottom
boundaries (Bengtsson et al., 2012). ......ccoiieiiiieiiie e 46

Figure 2. Map of Lake Melville, Labrador denoting the five local communities; Happy Valley-
Goose Bay, Mud Lake, Sheshatshiu, North West River and Rigolet. The mouth of the Churchill
River (red star) flows between Happy Valley-Goose Bay and Mud Lake. To the east of Lake
Melville is the Mealy Mountains National Park RESEIVE. .........cccoviiiiiiiiiiieii e 47

Figure 3. Variation in river discharge from the Churchill River due to the impact of the Upper
Churchill hydroelectric facilities built in 1971. The figure shows the monthly mean Churchill
River discharge calculated for two periods of time: before (blue curve) and after (yellow curve)
1971 (Durkalec et al., 2016). ......ciiiiiieieieiesie et 48

Figure 4. Adult (top) and larval (bottom) rainbow smelt sampled from Lake Melville, Labrador,

Figure 5. Larval rainbow smelt otolith as viewed under a light microscope at 1000x
magnification. This larva was 12.33 mm long and aged as 11 days old. ...........c..cccocvevviiieinennns 50

Figure 6. (a) Map of Lake Melville, Labrador. Yellow circles represent stations where larval
smelt were sampled (2018-2019) and red triangles represent stations where adult smelt were
sampled (2019-2020); (b) Abundance of larval rainbow smelt by station in 2018; and (c)
Abundance of larval rainbow smelt by station in 2019. ...........cccooveiiiie i 52

Figure 7. Surface temperature (top) and salinity (bottom) of Lake Melville and Goose Bay
during field seasons in 2018 and 2019. ......cccooiiieiieie e 52

Figure 8. Abundance of larval rainbow smelt in relation to water temperature (left) and salinity
(right) averaged within the top ten meters of the water column. Solid lines indicate linear
regression while dotted lines indicate the 95% confidence interval. ‘Cor’ is the Pearson’s

(010 (=] F= LA T o SRS 53

Figure 9. Hatching period (green) and estimated spawning period (grey) for rainbow smelt
within Lake Melville and Goose Bay. Black dashed lines indicate ice break up (<50%) and ice
formation (>0%), while the orange line indicates sea surface temperature. ...........cc.ccceeverveneene. 54

vii



Figure 10. Frequency distribution of hatch for rainbow smelt caught in Lake Melville, Labrador
1N 2018 ANG 2019, ...t 55

Figure 11. Observed growth rate (top) and back-calculated growth rate (bottom) for rainbow
smelt larvae caught in Lake Melville Labrador in 2018 and 2019...........cccccoeivveeiieiiecvie e, 56

Figure 12. Linear relationship between rainbow smelt fork length and otolith diameter of adult
smelt caught in 2019 and 2020. ........ooiiiiiiereee e et 57

Figure 13. Age of maturity (Aso) and length of maturity (Lso) of the pooled male and female
rainbow smelt gonadal data. Numbers equal the n values for each age cohort...............c........... 58

Figure 14. Von Bertalanffy growth curves for female (blue) and male (red) rainbow smelt caught
within Lake Melville and Goose Bay, Labrador, during 2018 and 2019. The dashed black line
indicates the calculated Maturation age (A50). «....ooererereririeieie e 59

Figure 15. Gonadosomatic Index (GSI) of female (red) and male (blue) rainbow smelt as a
function of month of capture during 2019 and 2020. ............ccceeieiieii i 60

viii



List of Tables

Table 1. General information collected for each station within Goose Bay and Lake Melville,
6= 1o = 1o [0 USSR RTORPRN 61



Co-authorship statement

| primarily conducted the work completed in this thesis with the support of my supervisor Dr.
Maxime Geoffroy and my co-adviser Dr. Pascal Sirois. This thesis presents a two-year larval smelt
study exploring abundance, hatch timing and growth in Lake Melville, Labrador. It also explores

the spawning timing, maturity schedule and growth of adult rainbow smelt in the same region.

This thesis includes data that were collected a year before | began a Masters in Science, so my
involvement in fieldwork and laboratory work began in 2019. Drs. Marie Clément and Maxime
Geoffroy conducted larval smelt sampling in 2018 with support from the Nunatukavut Community
Council, Nunatsiavut Government, and Innu Nation. | completed the fieldwork in 2019 with Dr.
Maxime Geoffroy and Tiffany Small. | conducted the larval otolith extraction and analysis under
the supervision of Dr. Pascal Sirois and Anne-Lise Fortin at the Université du Québec a
Chicoutimi. All adult smelt samples were collected by Mathew Gosse, Doug Blake, Hollis
Yetman, Alex Reardon, and Darryl Reardon. Adult otolith extraction and fish measurements were
done by Melinda Noad, Tiffany Small and myself, while adult otolith readings were conducted by
Steve Campana at the University of Iceland. Gonad measurement and maturity classification were
conducted primarily by myself with support from Tiffany Small. | conducted all the statistical

analyses and manuscript preparation for the thesis with editorial support from my committee.

The first chapter of thesis includes a literature review, which is structured as a general introduction,
and provides background information on topics relevant to the studies presented herein. The core
chapter (chapter 2) is the manuscript for this study, which examines the impacts of temperature
and salinity on the period of spawning, hatching, and larval smelt abundance. Chapter 2 also

provides baseline information on the age structure and maturity of adult smelt as well as growth



of both larvae and adult smelt. This core chapter is to be submitted as a peer-reviewed article to
Canadian Journal of Fisheries and Aquatic Science. Chapter 3 consists of a general conclusion,
which puts the key findings of the research contained in this thesis in a larger context. This chapter

also addresses areas of improvement as well as suggestions for future research in the area.

Xi



Chapter 1: General Introduction

1.1 Estuaries
Estuaries are semi-enclosed, coastal bodies of water which stand at the interface between fresh and

salt water (Couillard et al., 2017; Lu et al., 2013; Sun, 2020). An “estuarine circulation” is
characterized by less dense fresh water flowing into the estuary from upstream rivers, while an
open connection to the ocean transports deep saline water inland (Lu et al., 2013). This cycling of
water within the estuary continuously replenishes nutrients such as carbon, nitrogen and
phosphorus (Nielsen et al., 2004), and supports a myriad of marine species such as invertebrates,
fish, birds and marine mammals (McCarthy, 2018). Consequently, estuaries are highly diverse,
containing many species of bacteria, zooplankton, phytoplankton, animals and plants from both
marine and freshwater systems, and also act as crucial migratory and nursery grounds for a variety

of species (Bradbury et al., 2006; Sun, 2020; Vanalderweireldt et al., 2020).

There are 4 main classifications of estuaries based on type of circulation: salt-wedge, slightly
stratified, vertically mixed, and fjords. Each type of circulation relies on a varying levels of mixing
between saline ocean water and fresh river water (Dyer, 2001). For instance, salt-wedge estuaries
are among the most stratified and are driven by rapidly flowing river discharge and weak tidal
currents, causing freshwater to flow on the surface and salt water to remain almost stagnant near
the seabed (Krvavica et al., 2021). Slightly stratified or “partially mixed” estuaries occur when salt
and freshwater mix at all depths due to strong tides and turbulent eddies (Geyer et al., 2000) and
vertically mixed estuaries occur when river discharge is low and tidal influence is high, thus
creating homogeneity throughout the water column (Dyer, 2001). Fjord estuaries (Fig. 1) are
mainly found at higher latitudes and result from glacial erosion (Lu et al., 2013). They usually

have one or more freshwater tributaries and are defined by the occurrence of a shallow glacial sill



at their mouth, which limits circulation of deeper and denser waters. Similar to fjords, “fjards”
differ only in their topographical relief, being characterized as shallow glacial depressions, in
contrast to the high relief cliffs of fjords (Kamula, 2020). In both cases, deeper more saline waters
are trapped near the bottom and freshwater flows freely along the surface. This results in a high
degree of stratification within the estuary (Lu et al., 2013). Consequently, the halocline acts as a
barrier or “density surface”, where large aggregations of zooplankton and phytoplankton form
vertically thin, horizontally dispersed biological hotspots (Schartup et al., 2015). These hotspots
provide forage for a variety of fish species in the more saline waters below, as well as the larval
fish residing in the low salinity layer above (Schartup et al., 2015). Furthermore, fresher surface
waters confer protection from their predators which have different salinity and temperature

requirements and occupy the deeper more saline waters (Simonin et al., 2016).

Because they are exposed to pressures from both the river and ocean as well as from anthropogenic
activities such as urbanization, shipping and fishing, estuaries are particularly prone to natural and
anthropogenic environmental stressors as well as natural annual fluctuations in abiotic factors
driven by natural changes in hydrology (Possamai et al., 2021; Sun, 2020). The historical
degradation of estuaries, which are key forage and nursery sites for fishes, has led to global
conservation efforts aimed at restoring and protecting habitat integrity in estuaries (McLusky &

Elliott, 2004; Ramos et al., 2015).

1.2 Study area: Lake Melville

Lake Melville (Fig. 2) is a subarctic estuarine “fjard” located within the boreal forest ecoregion of
central Labrador (Kamula, 2020; M. Li et al., 2016; Lu et al., 2013; Ramos et al., 2015; Schartup
et al., 2015). It is formally classified as a fjards due to its irregular bathymetry and shallow

topographical relief (Kamula, 2020). Lake Melville is long (180 km), and deep (maximum depth



of 256 m) with a total surface area of 3,000 km? (Schartup et al., 2015). In the west, Lake Melville
connects to a smaller basin, Goose Bay, by way of a shallow (8 m), narrow (2.5 km) sill, the Goose
Bay Narrows (Durkalec, 2016; Kamula, 2020; McCarthy, 2018). Similarly, in the east Lake
Melville connects to the Labrador Sea through another sill (30 m deep, 2.8 km wide), the Rigolet
Narrows, which limits the exchange of seawater between Lake Melville and the Labrador Sea
(Kamula, 2020; Lu et al., 2013; McCarthy, 2018). Freshwater input into the estuary primarily
comes from four major rivers, the Churchill, Goose, Northwest, and Kenamu (Durkalec et al.,
2016; Kamula, 2020; Lu et al., 2013). Of these rivers, the Churchill is the largest with a mean
discharge of 1700 m3s™? (Durkalec et al., 2016; Kamula, 2020). Within Lake Melville, smaller

rivers provide freshwater discharge to both the north and south shorelines (Kamula, 2020).

The Lake Melville System, which consists of both Goose Bay and Lake Melville, exhibits a low
rate of exchange and high input of freshwater, making a steep halocline its dominant characteristic,
which persists year round at a depth of 10-25 m (Bobbit & Akenhead, 1982; Kamula, 2020;
McCarthy, 2018; Schartup et al., 2015). The Lake Melville System is regulated by estuarine
circulation, whereby low-salinity surface waters flow seaward on top of saline waters flowing
inward from the Labrador Sea (Kamula, 2020; McCarthy, 2018). The fresh surface layer, however,
decreases in depth as it flows eastward to the Rigolet Narrows (Kamula, 2020). The residence time
(i.e. how long water remains within the estuary) in Lake Melville increases with depth due to the
sill, with surface waters exchanging more regularly and quicker than deeper waters. The rate of
exchange for deeper water within Lake Melville is reliant on the density of water outside the sill.
If the deep water is more dense than water outside the sill it will remain stagnant, while in contrast,
if the deep water is less dense, flushing will occur (Bobbit & Akenhead, 1982). The flushing time

of the estuary (i.e. the turn over time) is 192 d after entry (Durkalec, 2016; Kamula, 2020;



McCarthy, 2009). From December to May the Lake Melville System is ice covered, with ice

reaching an average thickness of 1 m (Kamula, 2020).

The construction of the Upper Churchill Hydroelectric Project and flooding of the Smallwood
Reservoir in the 1970’s significantly modified the natural seasonal runoff patterns of the Churchill
River (Fig. 3) (Durkalec et al., 2016). Although annual flow volume remained relatively
unchanged after the construction and operation of the Churchill Falls Dam, the discharge
significantly increased during the winter season, tripling in volume as a result of an increased
demand for power (load following) (Clarke et al., 2008; Durkalec, 2016; McCarthy, 2018). In
contrast, the natural flow regime is characterized by lower freshwater flows in the winter due to
precipitation accumulating as snow, followed by high run-off in spring and early summer when
the snow melts (Clarke et al., 2008). Regulated rivers tend to store this high spring run-off for
future power generation, dampening freshwater input in the spring and summer (Casado et al.,
2013). This alteration of the natural flow regime to that of a regulated river may have impacts on
the ecology of fish species living downstream, potentially delaying migratory cues and disrupting
the dynamic habitat structures used for refuge, reproduction, feeding and growth (Clarke et al.,

2008; Petts, 1984; Small et al., in preparation).

In addition to the Churchill Falls project, the construction of a second dam, Muskrat Falls, in the
lower Churchill River is nearing completion and an increased “flattening” of the seasonal inflow
into Lake Melville could occur. Additionally, a third dam, Gull Island, has been proposed for future
construction and could flatten seasonal inflow even further. Although the impacts of these future
projects are unclear, McCarthy (2009) suggests that due to the construction of the Muskrat Falls
Project, there may be a shortening in length of winter ice conditions by up to one week, while the

variation in water temperature below the dam post-project is expected to be two times less than



that of pre-project temperatures (McCarthy, 2009). Additionally, Durkalec (2016) predicted a
decrease in salinity of Lake Melville during the winter, and an increase in salinity in the spring
and summer when flows are less. Furthermore, at the Kielder Dam, UK, Archer (2008) observed
a thermal influence as far as 60 km downstream from the main reservoir, with lower than normal
temperatures in the spring and higher than normal temperatures in the fall. The predicted changes
to seasonal temperature and salinity variation may impact the depth of the pycnocline within Lake
Melville. If waters are colder and saltier during the summer the pycnocline may decrease in depth
and, similarly, if waters are warmer and less salty in the winter, the pycnocline may increase in
depth. In Lake Melville, these potential impacts on downstream water temperature are
compounded by an increase in warm winter anomalies since the late 1990's (Finnis & Bell, 2015).
Yet, the impacts of hydroelectric dam operation and climate warming on the ecology of the Lake

Melville System remain poorly understood (Durkalec et al., 2016).

1.3 Trophic intermediates and anadromous fishes

In highly productive coastal marine environments, such as many estuaries, one or few small
planktivorous, pelagic fish species dominate the intermediate trophic level (Cury et al., 2000).
These species, termed “forage fish”, regulate the abundance of both the lower and higher trophic
levels, bottle-necking energy transfer from prey items to higher order predators (Bakun, 2006;
Hunt & McKinnell, 2006). In the instance where the intermediate trophic level is dominated by
one or few species, a “wasp-waist” system is established (Bakun, 2006; Cury et al., 2000). In such
systems, forage fish play a dynamic role within the food web, controlling the abundance of prey
through top-down interactions and the abundance of predators through bottom-up interactions

(Bakun, 2006; Hunt & McKinnell, 2006). Thus, any environmental or anthropogenic stressors that



influence the abundance of trophic intermediates in a wasp-waist system will radiate to both the

lower and higher trophic levels, impacting the entire ecosystem (Cury et al., 2000).

Estuaries are also an important waypoint for anadromous fishes. The term anadromy refers to a
life-history strategy where certain marine fishes move into freshwater tributaries during the
spawning season, and later return to the ocean to forage and grow (Braga, 2020; Puijenbroek et
al., 2019). Anadromous species act as energy conduits, cycling nutrients from coastal waters into
freshwater and terrestrial environments through carcass and gonad deposition (Kope, 2001;
Samways et al., 2018). These species encounter many physiological challenges as they transition
between habitats, and are vulnerable to habitat degradation resulting from human activities and
climate variation (Kope, 2001; Puijenbroek et al., 2019). Ultimately, the use of various
environments increases their susceptibility to both climate and anthropogenic stressors (Couillard

etal., 2017; Possamai et al., 2021; Ramos et al., 2015)

Of the over 20 species that reside within Lake Melville and Goose Bay, only three species are
pelagic: capelin (mallotus villosus), sand lance (Ammodytes americanus), and rainbow smelt
(Osmerus mordax) (McCarthy, 2018; Small et al., in preparation). Of the three, rainbow smelt is
the most abundant and widespread forage fish within Lake Melville and Goose Bay (McCarthy,
2018). During baseline fyke and gillnet surveys conducted in Lake Melville and Goose Bay in
1998, rainbow smelt made up 31% of the total catch (McCarthy, 2018). Current trends show a
decline in trophic intermediates, as well as anadromous fishes in the northwestern Atlantic Ocean,
which is reportedly due to habitat degradation and warming temperatures (Chase et al., 2019;
Puijenbroek et al., 2019). Although there is a lack of data to assess any change in abundance of
anadromous and forage fishes within Lake Melville, the area is experiencing a warm weather

anomaly (Finnis & Bell, 2015; Kamula, 2020). Similarly, the area is under increasing



anthropogenic stress due riverine exploitation for hydroelectric power (Durkalec et al., 2016;
Kamula, 2020; McCarthy, 2018; McCarthy, 2009; Schartup et al., 2015). Thus, there exists a need
to investigate how these processes impact key trophic intermediates within the Lake Melville

system.

1.4 Study species: Rainbow smelt (Osmerus mordax)

Rainbow smelt (Fig. 4) is a small pelagic anadromous or freshwater fish species found throughout
the northwest Atlantic Ocean and is well adapted for life in cold-water environments (Bradbury et
al., 2006, 2008). The terms rainbow smelt and smelt are used interchangeably within this document
to refer to the species. Smelt are often found under the ice and avoid freezing by maintaining
antifreeze proteins and producing glycerol (Driedzic & Ewart, 2004; Hanson & Courtenay, 2020).
Their range extends along the Atlantic Coast from Massachusetts, USA, to coastal Labrador,
Canada (O’Brien et al., 2012; O’Malley et al., 2017), and they have also been introduced in the
Laurentian Great Lakes and surrounding watersheds (i.e. Lake Champlain) (Dobosenski, 2020;
O’Brien et al., 2012; O’Malley et al., 2017), while their introduction to many North American
lakes has led to further dispersal into the Hudson Bay watershed (i.e. James Bay, Canada)
(COSEWIC, 2018). Due to the relatively fast warming of the North Atlantic and introduction, their
geographic range has experienced a northward retreat of approximately 500 km in the last 200
years, with the southern extent of their distribution previously extending to New Jersey (i.e.
Delaware River), USA (Chase et al., 2019; Kovach, 2013; O’Malley et al., 2017). In landlocked
populations, such as in the Great Lakes, rainbow smelt have also seen a decline in abundance and
recruitment, showing a 15% decrease in biomass since the 20™" century, which has led to cascading
impacts on local food web dynamics (Feiner et al., 2015). Although smelt have historically

supported commercial and recreational fisheries in Canada and the United States (Chase et al.,



2019; Dobosenski, 2020; Hanson & Courtenay, 2020; O’Malley et al., 2017), both their abundance
and harvest has declined rapidly over recent decades (Chase et al., 2019). Smelt are currently listed
as a species of concern in U.S waters (Kovach, 2013), while many regions in Canada, such as the
south shore St. Lawrence Estuary, have seen rapid declines in the last decades (Enterline et al.,
2012). Overall, management practices have been limited by an underlying lack of information on
the life history, diets and response to external pressures (i.e. anthropogenic or environmental) of

rainbow smelt (Hanson & Courtenay, 2020).

Anadromous rainbow smelt live in nearshore coastal waters (Enterline et al., 2020) but move to
freshwater tributaries near the time of ice break-up to spawn (Chase et al., 2019; Enterline et al.,
2020; Kovach, 2013). Spawning occurs above tidal influence during nighttime hours and lasts an
average of 10 days (Bradbury et al., 2006, 2008; Chase et al., 2019; Enterline et al., 2020; O’Brien
etal., 2012; Rupp, 1959). Females are broadcast spawners and spend up to 4 days on the spawning
grounds depositing small adhesive eggs, while males remain for up to 9 days tending to multiple
females (Chase et al., 2019; Enterline et al., 2020). After spawning, the surviving adults move back
into coastal waters, where they feed and grow (Chase et al., 2019; Enterline et al., 2020; McCarthy,
2018). However, there is limited information on the dispersion and habitat use of smelt during

their adult phase (Kovach, 2013).

After hatching, larvae move downstream into the estuary where they remain in the low salinity
surface layer (salinity < 5) (Laprise & Dodson, 1989). Larval smelt retention above the halocline
confers protection from cannibalistic conspecifics and other predatory species, as they remain in
the more saline waters below (Hanson & Courtenay, 2020; O’Brien et al., 2012; Simonin et al.,
2016; Stritzel Thomson et al., 2011). After a period of 1-7 days, yolk sac reabsorption occurs and

larvae begin to feed on plankton and, after a period of 90 days, larvae enter the juvenile stage



(Bradbury et al., 2004, 2006; Sirois & Dodson, 2000). While larval smelt feed primarily on
zooplankton and small shrimp (i.e mysids), adult smelt feed on sand lance (Ammodytes
americanus), amphipods, and often cannibalize larval rainbow smelt (Hanson & Courtenay, 2020;
McCarthy, 2018; Stritzel Thomson et al., 2011). Adult smelt are also an important prey item for
most estuarine piscivores including gadids (e.g., cod species), flatfish (e.g., winter flounder), and
salmonids (e.g., brook trout) and are the primary prey found in the stomachs of ringed seals (Pusa
hipsida) sampled after whelping within Lake Melville (Bradbury et al. 2004; Boldt et al. 2018;

McCarthy, 2018).

1.5 Variability in phenology

The rainbow smelt exhibits variability in its growth rate, maturation age, life span, spawning time,
and hatch date across its geographic range (Chase et al., 2019). Along the Atlantic Coast, there
exists a latitudinal or thermal gradient, where southern populations live for shorter periods, grow
faster, and mature earlier than more northern populations (O’Malley et al., 2017). Because rainbow
smelt are exothermic, the Temperature-Size Rule may explain this variation, which theorizes that
lower temperatures at higher latitudes result in slower metabolic rates, in turn slowing growth and
delaying age of maturation to larger sizes (Angilletta, 2009; Forster & Hirst, 2012). The Lake
Melville population is no exception, exhibiting slower growth and later maturation than its
southern relatives. Lake Melville smelt are documented as maturing after the age of 3 (McCarthy,
2009), while the age of maturity within landlocked and southern populations has been documented
as occurring within the first year (Chase et al., 2019; O’Brien et al., 2012). Lake Melville smelt
are also among the oldest living populations, reaching ages of up to 8 years and lengths of up to
250 mm (McCarthy, 2018). By comparison, in more southern populations, smelt rarely exceed the

age of 4 or 5 years and reach similar total lengths in their life span (Chase et al., 2019).



Spawning and hatching periods also show a high degree of latitudinal variability with populations
in Maine, USA, beginning spawning in late February and March (Ayer et al., 2005), populations
in the Great Lakes starting in April (O’Brien et al., 2012; Simonin et al., 2016), and populations
in Newfoundland starting as late as June (Bradbury et al., 2004). This variability is likely linked
to variability in temperature across latitudes as spawning occurs near the time of ice break-up,
when temperatures reach 3-4°C (O’Brien et al., 2012; Rupp, 1959). Thus, a delay in the onset of
warmer conditions may promote later spawning at higher latitudes. Subsequent hatch dates vary
depending on water temperature as well, with larvae hatching after a period of 10-32 days (O’Brien
et al., 2012) or an average of 156.5 degree days (i.e. the number of days for which average daily

temperature sums up to 156.5 degrees) after spawning (Gagnon, 2005).

In rainbow smelt, abiotic factors like temperature and salinity impact larval growth. While
observing smelt larvae reared in vitro over a period of 77 days, Ayer et al., (2005) observed faster
growth rates in actively feeding smelt larvae when temperatures were higher (20°C vs. 15°C) as
well as when salinities were lower (2% vs. 20%). Larval growth may also be influenced by the
overall length of the growing season. While studying Atlantic silverside (Menidia menidia) in
vitro, Conover & Present (1990) found evidence to support a counter-gradient or “latitudinal
compensation” growth pattern, whereby more northern larvae grow faster in order to compensate
for shorter growing seasons that prevail at higher latitudes (Conover & Present, 1990). However,
growth could also be influenced by other environmental conditions such as food availability and

predation (Arendt & Reznick, 2005)

1.6 The importance of early life stages for the recruitment of pelagic fishes
Mortality during the early life stages can occur as a product of starvation, dispersion to unsuitable

habitat, or predation (O’Brien et al., 2012; Sirois & Dodson, 2000). Prey-driven mechanisms, such
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as Hjort’s (1914) “critical period hypothesis” suggest that starvation is the main factor driving
variability in larval recruitment, while Cushing’s (1969) “match-mismatch hypothesis” suggests
that the temporal overlap between prey abundance (i.e. plankton blooms) and larval hatch drives
recruitment success. Other theories suggest that prey availability is not as critical to recruitment as
once proposed. lles and Sinclair (1982) theorized that larval recruitment is dependent on adults
spawning in favourable areas when conditions are suitable for larval retention, rather than levels
of available prey (Houde, 2008). Furthermore, although predation is generally not explicitly
specified as a mechanism for controlling larval recruitment, size-selective mortality of the early
life stages of fish is often a consequence of predation (Houde, 2008). Faster growing larvae are
exposed to predation for shorter periods of time during vulnerable life stages, the “stage-duration
hypothesis” (Cushing, 1990), while faster growing larvae tend to be bigger, giving them an
inherent advantage over smaller individuals within the same cohort, the “bigger is better”
hypothesis (Miller et al., 1988). Fast larval growth can also reduce the risk of mortality by
starvation or dispersion as faster growing larvae would exhibit higher feeding rates and better
swimming capabilities (Sirois & Dodson, 2000). Ultimately, it is believed that fast growth is
selected for when surpassing some minimum size threshold decreases the risk of mortality (Arendt

& Reznick, 2005).

Larval survival is one of the main factors driving the recruitment of forage fish (Boldt et al., 2019;
Leggett & Deblois, 1994) and their survival is likely linked to more than one of the above
mechanisms (Sirois & Dodson, 2000). Thus, any changes to the natural environment (either biotic
or abiotic) may have detrimental effects on recruitment into the population as well as total
population abundance (Drinkwater & Frank, 1994). Given that survival of larvae is linked to life

history processes such as spawning, hatching and growth, it is important that we understand all
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three to assess the impact of the Muskrat Falls dam on the survival of rainbow smelt in Lake

Melville.

1.7 Otolithometry

Otoliths, which are calcium carbonate structures within the inner ears, provide key information on
growth of fishes (Houde, 2008; Sirois & Dodson, 2000). Similar to trees, which form annual
growth rings, fish otoliths are often used to determine the age and date of formation (Campana,
2001). Age determination from calcified structures such as otoliths forms the basis of all rate
calculations in fisheries science (Campana, 2001). Age determination via otolith analysis can occur
on one of two scales. Annual aging is used mainly for harvest calculations and population studies,
while daily aging targets early life stages recruitment and larval fish studies (Campana, 2001;
Pannella, 1971). However, despite their differences, both are governed by similar analyses and
sources of error such as a process error (i.e. not all axes of a bony structure show a complete age
record) or a subjectivity error (i.e. high variability in age estimates among readers) (Campana,
2001). There are also other structures that encode age information. Fin rays, vertebrae and scales,
for instance, also encode age data (Campana, 2001), though unlike otoliths they show signs of

resorption under stress or with increased age (O’Malley et al., 2017; Stevenson & Campana, 1992).

The examination of otolith microstructure can provide insight into the growth and survival of early
life stages of fish, in particular for rainbow smelt (Fig. 5) (Sirois & Dodson, 2000). Otoliths have
been well studied in a variety of fish species since the discovery of annual rings in the late 19"
century, and daily increments within annuli have become increasingly popular for determining
growth rates, hatch dates, and age of larval fishes since their discovery in the 1970’s (Pannella,
1971; Stevenson & Campana, 1992). When analyzing temperate water fishes, Pannella (1971)

observed approximately 360 fine increments within the annuli, which he postulated to be daily

12



growth increments. Since this discovery, this information has been useful in determining age and
timing of life history events for larval fishes (Stevenson & Campana, 1992). Increment counts
provide age information, while increment widths can be used to determine previous size-at-age
using back-calculation procedures (Campana, 1990; Sirois & Dodson, 2000). Furthermore, range
of hatch dates can be estimated from the age of the larvae and the date of catch and have been used
to examine periods of successful hatching (e.g. Sirois & Dodson, 2000). Data encoded within the

otolith provide important information for the understanding and management of fish populations.

1.8 Rationale and research objectives

The majority of life history processes of anadromous fishes are closely synchronized with seasonal
cycles in environmental conditions and productivity (i.e. temperature change or blooms) (Ayer et
al., 2005; Clarke et al., 2008). Thus, a modification to the natural flow regime of rivers and
estuaries may disrupt life history processes and impact the survival of anadromous fish species
(Drinkwater & Frank, 1994). The reduction of spring freshwater inflow into Lake Melville due to
the operation of the Muskrat Falls project in the near-future could result in changes to thermal and
salinity regimes as well as food availability (Clarke et al., 2008; Fuller et al., 2015; Puijenbroek et
al., 2019), which can impact the growth and survival of larvae (Fuller et al., 2015). The alteration
of the natural flow regime may also impact water column stability; less freshwater input in the
summer may lead to a decrease in the depth of the halocline within Lake Melville, which smelt
larvae use as a refuge from predators as well as for its surplus of available prey (Durkalec et al.,
2016; Simonin et al., 2016; Small et al., in preparation). In addition, the higher than normal winter
run-off may lead to warmer water temperatures and a shortening of the seasonal ice period within
Lake Melville (McCarthy, 2018), which can result in subtle changes in the timing of spawning and

subsequent hatching for smelt (Clarke et al., 2008). Lake Melville has also been experiencing a
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warm weather anomaly since the late 1990°s (Finnis & Bell, 2015), which may also impact water
temperatures within the estuary and can have cascading impacts on the timing and length of the
ice season. Rainbow smelt are currently listed as one of the top five wild-caught food sources for
local communities in Lake Melville, being consumed roughly once per week (Wells, 2016). They
are also a key trophic intermediate providing forage for many commercially and culturally
important species residing within Lake Melville, such as ringed seals and brook trout (McCarthy,
2009, 2018). Given the importance of the freshwater refuge for rainbow smelt larvae in spring and
summer, changes in the seasonality of the freshwater regime could alter the recruitment of the
species and, in turn, have cascading impacts on lower and higher trophic levels as well as local

communities.

The current study examines the life history of anadromous rainbow smelt in Lake Melville,
Labrador. More specifically, | quantify the hatch dates and growth rate of rainbow smelt larvae to
determine how temperature and salinity drive these processes. The growth, maturation, spawning
period, and age structure of adult rainbow smelt are also documented. The significance of the data
presented herein is two-fold. Firstly, these data contribute to the relative scarcity of information
on the life history processes of rainbow smelt in this region, which represents the Northernmost
extent of the species’ range. These gaps in basic life history information hinder data-driven
management decisions on population status and vulnerability. Secondly, this study provides
important baseline information which can be referenced in future studies examining the impact of

hydroelectric dam operation on the life history of rainbow smelt.
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Chapter 2: Hatching, growth, and maturation of rainbow smelt
(Osmerus mordax) at the northern limit of their distribution range
(Lake Melville, Labrador)

Abstract

Rainbow smelt (Osmerus mordax) is a small anadromous fish found throughout the northwest
Atlantic Ocean, from the northeast coast of the United States to Labrador, Canada. In Lake
Melville, Labrador, smelt represents the main forage species and is harvested as part of a
recreational and subsistence fisheries. Despite the ecological and cultural importance of rainbow
smelt in Lake Melville, many aspects of its life history remain unknown. In particular, the
importance of hydrography for the early life stages needs to be documented as a large hydroelectric
project is being completed and could impact its life history. Here, we examine the spawning,
hatching period, measure larval growth as well as the age structure, growth, and age at maturation
of adult rainbow smelt. Trawl surveys in conjunction with CTD profiles suggest that larval smelt
abundance is negatively correlated with temperature, while otolith back-calculation indicates that
larval growth rate is up to 3.33 times faster than that of more southern regions, which is
hypothesized to be a result of the shorter growth season prevailing at high latitudes. In contrast to
early life stages, our findings confirm that adult rainbow smelt grow slower, mature later, and live
longer in northern populations compared to southern populations, which is likely due to lower
metabolic rate in colder waters prevailing at high latitudes. Our results do not indicate any
environmental impacts to rainbow smelt populations, but provide the first measurements of

rainbow smelt phenology at the northernmost limit of their distribution range.
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2.1 Introduction

The rainbow smelt (Osmerus mordax) is a small pelagic fish species found throughout the
northwest Atlantic Ocean (Bradbury et al., 2006, 2008; Chase et al., 2019). Due to its variability
in life history strategies, it can be found in both coastal and freshwater habitats ranging from
Massachusetts, USA, up to coastal Labrador, Canada, while also extending through the Laurentian
Great Lakes and many other freshwater bodies (i.e. Lake Champlain) (Dobosenski, 2020; O’Brien
et al., 2012; O’Malley et al., 2017). Within its coastal populations, the rainbow smelt is
anadromous moving inland to spawn in freshwater tributaries just ahead of tide (Bradbury et al.,
2006; Enterline et al., 2020). After hatching, its larvae are carried by currents into the receiving
waters downstream where they transition from yolk reserves to exogenous feeding—
approximately 7 days after hatching (Bradbury et al., 2006; Sirois et al., 1998). During this period,
larvae remain within the epilimnion where they feed and grow (Laprise & Dodson, 1989; Simonin

etal., 2016).

Within the seasonally ice-covered Lake Melville, the largest estuary of coastal Labrador, rainbow
smelt dominates the forage fish assemblage (Dobosenski, 2020; Hanson & Courtenay, 2020;
Paterson et al., 2020) funneling energy from lower trophic levels to top predators, such as gadids,
salmonids, flatfish and ringed seals (McCarthy, 2018). In addition to being one of the main prey
of brook trout and salmon, both of which are harvested in Lake Melville, a winter recreational and
subsistence fisheries directly target rainbow smelt, and smelt have been listed as one of the top
five species consumed by local communities within the Lake Melville region (Wells, 2016).
Despite their ecological and cultural importance in the region, most aspects of the early life ecology

of smelt in Lake Melville remain unknown.
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Both anthropogenic and climate change are impacting the hydrography of Lake Melville. Its main
tributary, the Churchill River, was first harnessed for hydroelectric power generation in the 1970’s
(Bobbit & Akenhead, 1982; Durkalec et al., 2016; Kamula, 2020). Since then, the flow volume
has remained close to pre-construction values of approximately 1700 m® s, but the seasonal
variation in flow has been altered significantly with a marked increase in freshwater being released
in winter and less freshwater flowing in the spring and summer (Durkalec et al., 2016; Kamula,
2020). The completion of the second phase of hydroelectric development within the Churchill
River, the Muskrat Falls dam, in 2021-2022 has the potential to further ‘flatten’ the seasonal
freshwater inflow into Lake Melville (Clarke et al., 2008; Durkalec et al., 2016). This may cause
the shortening of seasonal ice cover on a scale of weeks, while downstream seasonal temperature
variation has the potential to lessen by up to two times its pre-construction variation (McCarthy,
2009). This alteration of the freshwater flow regime may also impact the temperature and salinity
regimes, water column stability, and the intensity of vertical mixing within Lake Melville
(Durkalec et al., 2016). Potential changes in the hydrography of Lake Melville can further be
exacerbated by the warm weather anomaly prevailing in the region since the 1990’s (Finnis &

Bell, 2015; Kamula, 2020).

Larval survival is one of the main factors driving the recruitment of forage fish (Boldt et al., 2019;
Leggett & Deblois, 1994), including rainbow smelt (Feiner et al., 2015; Sirois & Dodson, 2000).
Larval rainbow smelt remain in the low salinity surface layer and exploit its surplus of available
prey items (Sirois & Dodson, 2000). The stratification also confers protection from predators, such
as adult rainbow smelt remaining in the deeper saltier waters, based on differing temperature and
salinity requirements (Simonin et al., 2016). Given the importance of this freshwater refuge for

rainbow smelt larvae in spring and summer, changes in the seasonality of the freshwater regime
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could alter the recruitment of the species and, in turn, have cascading impacts on lower and higher

trophic levels.

Here, we examine the life history of rainbow smelt in Lake Melville. More specifically, we
quantify the hatch dates and growth rates of rainbow smelt larvae in 2018 and 2019 to determine
how temperature and salinity drive these processes. The growth, maturation, and age structure of
adult rainbow smelt are also documented. Ultimately, we test the correlation between life history
processes of rainbow smelt and hydrography to assess their vulnerability to anthropogenic and

climatic changes at the northern limit of their distribution range.

2.2 Materials and Methods

Study area

Goose Bay and Lake Melville, collectively referred to as the Lake Melville System (LMS), are
located in Central Labrador, Canada. Lake Melville is a semi-enclosed, seasonally ice covered
estuarine fjard that connects to the Labrador Sea in the East and to Goose Bay in the West via two
narrow, shallow glacial sills which limit the exchange of seawater (Durkalec et al., 2016; Kamula,
2020; McCarthy, 2018). Lake Melville is classified as a fjard and not a fjord because of its low
topographical relief and irregular bathymetry (Kamula, 2020). The majority of fresh water that
enters the LMS comes through 4 rivers: Goose, Northwest, Kenamu and Churchill (Durkalec et
al., 2016; Kamula, 2020). The Churchill River, which flows into Goose Bay in the West, provides
the majority (1700 m3st) of freshwater to the system (Kamula, 2020). A defining characteristic of
the LMS is the consistent low-salinity surface layer that persists year round to depths of 10-20 m

(Kamula, 2020; McCarthy, 2009).
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Due to logistical constraints and based on the prediction that the potential impacts of the Muskrat
Falls Project would be most prominent within Goose Bay and Upper Lake Melville, sampling
effort was localized within this region. Sampling was conducted from June 29" to July 12" in 2018
and July 4" to July 14" in 2019 at ten stations which were distributed across the study area to

create a cross-section between Goose Bay and Lake Melville (Fig. 6).
Field sampling

Salinity and temperature profiles were taken at each stations using a calibrated Sontek Cast Away-
CTD in 2018 and an RBR Concerto in 2019. Temperature and salinity were averaged within the
top 10 meters at each station because rainbow smelt larvae were aggregated around 10 m in the
freshwater layer (Tiffany Small, Memorial University, unpublished data). Larval smelt were
collected within the top 10 m from each of the ten stations during oblique tows and using a Sea-
Gear bongo net (diameter = 28 cm, mesh size = 335um) towed at 2 knots for 20 minutes. Due to
inclement weather, two stations within Lake Melville were not sampled in 2018. Some larvae
(n=58) were also collected during vertical tows, which were deployed at each station from the
maximum depth of the water column to the surface. All larvae were sorted and preserved in 95%
ethanol. Number of larvae from the oblique tows at each station was recorded during the sorting
process and the ethanol solution was changed one day after first preservation to prevent samples
from becoming acidic (Sirois & Dodson, 2000). Larval abundance (A) at each station i was
estimated as the number of larvae caught divided by the volume of water filtered through the bongo
net (individuals-100m=) using the following equation:

Vr
A = ni/(m)
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Where n; is the number of larvae, and Vs is the estimated volume of water filtered through the

bongo net during a given oblique tow. VVolume filtered was estimated using the equation:
Ve = 2(nr?Ax)

Where r is the radius of the net, and Ax is the distance, which is in turn, equal to the vessel speed
(v) multiplied by the duration of the oblique tow (At). Hence, volume filtered can also be expressed

as:
Vr = 2(nr?(At - v))

Each of the volumes filtered was multiplied by 2 to include both nets. A 100% filtration efficiency

was assumed, which might result in conservative abundance estimates.

Adult rainbow smelt were collected (n=201) by local fishers with a fishing rod through the ice in
February and March during the 2019 and 2020 recreational and subsistence ice fisheries.
Additional samples (n=67) were collected in August and September by Wood Group plc. during
their 2019 net surveys (Fig. 6). The latter samples were collected using 15 m four paneled
experimental gill nets (Mesh sizes: 5.1, 7.6, 10.2 and 12.7 cm). The nets were deployed for a period

of at least 16 hours, to ensure that they were fishing during dusk and dawn periods.
Environmental data

Sea surface temperature (SST) data over the study period were collected by the department of
environment and climate change, Newfoundland and Labrador, as part of their Methylmercury
monitoring program (Methylmercury Monitoring in the Muskrat Falls Reservoir, Churchill River,
Goose Bay, Lake Melville, n.d.) at a depth of 1 m from the surface. A cubic spline was fit to the

data to interpolate missing data points and the temperature time series produced was used to
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estimate the SST at first hatch and to determine the spawning period, which was estimated as
occurring 156.5 degree days before the hatching period (Gagnon, 2005). This number of degree
days represents the average incubation period from six studies within North America. Because
spawning is believed to begin when waters reach temperatures of 3-4°C (O’Brien et al., 2012), a
threshold was set to exclude dates where temperatures were less than 3°C as the first day of the
spawning period. Proportion of ice cover was determined by using daily ice data obtained by
Canadian Ice Services (CIS) and allowed for testing whether spawning within Lake Melville
occured near the date of ice breakup (O’Brien et al., 2012; Rupp, 1959). For this study, ice breakup
dates were calculated as the first day where ice concentration reached <50% within the study area
(e.g. Bouchard et al., 2021) and the optimal growth window for young-of-year smelt was
calculated as the period from first hatching to the day of first ice formation (first appearance of ice
in the study area). Ice concentration was calculated by dividing the area of ice coverage by the
total study area. These data were then plotted to show the periods of spawning, hatching and

growth for both years.

Otolith analysis

A subsample of 200 larvae were selected to represent the size frequency distribution of all the
larvae collected (5-13 mm). A minimum of 10 representatives from each station were selected
from the 2019 sampling period (n=152), while additional representatives were taken from the 2018
field season (n =48). To account for the possibility that capelin larvae may have been caught in
addition to rainbow smelt larvae, preanal myomere counts for each specimen were taken (Fahay,
2007). No capelin were found during this process. Standard length of each larva was measured
using a camera connected to an image analysis system and no correction for shrinkage resulting

from the preservation process was made (Sirois et al., 1998). Sagittal otoliths were removed with
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a pair of fine needles and mounted on a microscope slide using thermoplastic glue. Otoliths were
then measured using an image analysis system connected to a light microscope (1000x
magnification). The core radius, otolith radius, and width of every increment were measured for
each otolith using calibrated ImageJ software. The age in days was inferred from the number of
increment widths measured per otolith (Stevenson & Campana, 1992). All otoliths were measured
twice in a random order, 3 months apart and any otoliths with a discrepancy in number of
increments greater than 10% were excluded from further analyses (Sirois & Dodson, 2000). A
coefficient of variation (CV) was calculated in order to assess aging precision (Campana, 2001).
Hatch dates were determined for each larva by subtracting the number of daily increments (age in
days) from the corresponding date of capture and the frequency of hatch per day was plotted to

show when the majority of smelt hatched in 2018 and 2019.

Sagittal otoliths from 267 adult rainbow smelt were analyzed at The Campana Lab at the
University of Iceland. Otoliths were immersed in ethanol just prior to imaging, sulcus side down.
While under a Leica S8 APO stereomicroscope at 16-40x magnification using reflected light, the
growth increment sequence was digitally photographed at a resolution of 5760 x 3600 with an
Olympus DP74 digital video camera. Calibrated CellSens software was used to measure otolith
length along the long axis; the precision of repeated measurements was +0.3%. Age interpretations
were made from the digital image, which seldom required image enhancement. Known-age
otoliths were not available, nor have age validation results been published for this species. Ageing

precision was quantified using the coefficient of variation (Campana, 2001).

Whole otoliths of long-lived fishes can often underestimate age (Campana et al., 1990). To
determine if otolith sections would be more suitable for ageing than whole otoliths, three large

otoliths were embedded and sectioned after whole-otolith ageing. Otoliths were individually
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embedded in a slow-drying hard epoxy (Araldite epoxy GY502 and hardener HY956 in a 5:1
weight ratio). Sections through the core (~650 pum thickness) were prepared with a single cut using
twin blades separated by a spacer on an Isomet low-speed diamond-bladed saw. The sections were
subsequently mounted on a standard microscope slide and lightly coated with ethanol just prior to
imaging. Sections were aged without prior comparison to the matching whole otolith image.
Growth bands were visible in both the sectioned and whole otoliths. In general, whole otoliths
were clear and easy to read, although the innermost one or two growth bands were challenging to
see in larger otoliths. There was no indication that growth band formation ceased to form on lateral
margins, or become obscured in thick otoliths when observed whole, thus the decision was made
to use whole otoliths during the aging process. In addition, the relationship between fish length
and otolith length for adult smelt was calculated.

Growth rates

A linear regression was performed using the observed measurements (Standard Length and Age)
for both seasons (2018 and 2019) and an average growth rate (mm-d1) was calculated. In addition,
the biological intercept (BI) method (Campana, 1990) was used to back-calculate length at age (L+)

using the following equation:
Le=Lc+ (0= 0)(Le — Lo)(O; — Oo)_l

Where L is the standard length at capture (L), and O is the otolith radius at capture (Oc). A length
at the biological intercept (Lo) of 5.81 mm was adapted from Sirois et al., (1998) and otolith radius
at the biological intercept (Oo) was estimated from the observed core radius on the otoliths of each

individual larva (Leclerc et al., 2011; Sirois et al., 1998).
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The Von Bertalanffy growth function (VBGF) was applied to adult fish, ranging in age from 1 to
8 years, to assess variation in the growth rates and size-at-age of males and females. The Von

Bertalanffy growth equation is expressed as:
E[L][t] = Loo(1 — e7K(7t0))

Where E[L][t] is the length at age t, L., is the average asymptotic length, K is the growth rate

coefficient and to is the time where length is equal to zero (Hopkins, 1992).

Gonad analysis

Gonads from each fish were removed, weighed, and imaged with a digital Single Lense Reflex
(SLR) camera (resolution of 6000 x 4000). Each individual was characterized as mature or
immature based on GSI percentage (100 x gonad mass/total mass) and gonad images following
the methodology from Hagstrem Bucholtz et al., (2008). Samples collected in August and
September were staged as mature or immature by Wood plc using gsi, colour and texture.
Proportion of mature individuals for both sexes combined within each age cohort was calculated
and the age of maturation was determined based on age from otoliths. Similarly, the proportion of
mature individuals within age of maturity is described here as the age where 50% of the adult
population is sexually mature (Aso) (Wheeler et al., 2009). Similarly, proportion of mature
individuals for both combined sexes within successive length classes (AL=2mm) was determined
to also calculate the length at which 50% of the population was mature (Lso). Values of Fulton’s
condition factor were calculated as K=(TW/TL®)-100,000 (Chase et al., 2019) to provide general

trends of physical condition within the population.
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Statistical analyses

Mean temperature and salinity of the top ten meters for each station were calculated and a two-
way ANOVA was conducted in R 4.1.2 to assess the correlation between larval abundance with
these variables. Abundance data were log transformed to fit a normal distribution (Shapiro-wilks,
p-value=0.488). A paired t-test was used to test difference in mean larval abundance between years
as well as between Goose Bay and Lake Melville. Ordinary kriging was used to visually represent
the surface temperature across the study area. Variogram models were chosen based on the
“fit.variogram” function of the “gstat” package in R-studio (V 4.1.0). Gaussian (temperature) and

spherical (salinity) models provided the best fit.

2.3 Results
Hydrography

Bottom depth at each station varied from 30 to 100 m, with a mean of 51 m (Table 1). The average
temperature within the top ten meters was 9.9 (£ 1.1) °Cin 2018 and 11.4 (x 1.4) °C in 2019, while
the average salinity within the top ten meters was 4.12 (+ 3.1) pssand 1.2 (+ 1.1) pss in 2018 and
2019, respectively (Fig. 7; Table 1). Freshwater persisted until a depth range of 10-15 meters,
depending on station, and a sharp pycnocline was observed at all stations at these depths. Atlantic
water with average temperature and salinity of 3.3 (£ 1.8) °C and 18.1 (x 4.3) pss in 2018 and 4.5
(x 2.5) °C and 15.9 (£ 4.8) pss in 2019 laid below the pycnocline. Ice breakup within the study
area occurred on May 31% for both years, while ice formation (>0%) occurred on November 10",

2018 and November 14" 2019.

Abundance, hatch date and growth rate of larval smelt
A total of 770 larvae from 2018 and 1129 larvae from 2019 were collected. There was no
significant difference in mean abundance between 2018 (50+52 individuals-100m=) and 2019

25



(58+50 individuals-100m3) (paired t-test; p-value=0.72). Larval abundance at each station varied
from 14 to 169 individuals-100m= in 2018 and 10 to 127 individuals-100m™ in 2019. Abundance
was negatively correlated with temperature (two-way ANOVA,; p-value=0.019) and was not
correlated with salinity (two-way ANOVA, p-value=0.24), both averaged within the top ten meters
of the water column. The correlation between abundance and temperature followed a linear model
(Fig. 8). Abundance of larval smelt was higher in Upper Lake Melville than in Goose Bay (paired
t-test; p-value=0.016) (Fig. 6) and reached 35.1 (+20.2) individuals-100m= in Goose Bay in 2018
and 16.6 (+ 8.3) individuals-100m in 2019, while average abundance in Upper Lake Melville was

65.6 ( 62.2) individuals-100m™ in 2018 and 85.7 (+ 42.6) individuals-100m™ in 2019.

The age of larvae caught in 2018 ranged from 0 to 10 days and from 0 to 15 days in 2019. The
aging precision between both independent readings was 3.6% and of the 200 larval otoliths
analyzed 19 (9.5%) were removed from further analysis due to discrepancy in age determination
that exceeded 10%. The back-calculated hatch dates varied between years with the earliest hatch
dates being June 26" and June 22" in 2018 and 2019, respectively, while the latest observed hatch
date was July 11™" for both years (Fig. 9). The date with the highest occurrence of hatch was June
29" in 2018 and July 10" in 2019 (Fig. 10). Estimated spawning periods ran from June 10" to 28,
2018 and from June 3" to 27", 2019, based on an estimated embryonic period of 156.5 degree
days (Gagnon, 2005). Using the interpolated SST values for the study area, temperature at first
hatch was estimated as being 7.3°C and 8.9°C in 2018 and 2019, respectively. The growth season
was estimated to vary from June 26" to November 10" in 2018 and June 22" to November 14" in

2019, based on back-calculated hatch dates and ice concentration data (Fig. 9).

Standard Length (SL) of larval smelt ranged from 5.15-11.20 mm in 2018 and 4.94-13.10 mm in

2019. Average otolith increment width was 2.05 (£0.175) um while the average hatch mark
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diameter was 9.56 (x1.05) um. Average length of Age-0 fish was 5.65 (x0.41) mm in 2018 and
5.70 mm in 2019. The observed growth rate of larval smelt averaged 0.532 mm-d? (Linear
regression, R?=0.83), while the back-calculated growth rate averaged 0.471 mm-d* (R?=0.99) for
data pooled from both seasons. The estimated length at hatch (y-intercept) was 6.2 mm from the

observed growth rates and 6.3 mm from the back-calculated trajectories (Fig. 11).

Age and growth rate of adult smelt

A total of 201 adult smelt were collected during the recreational and subsistence fishery and 66
during gill net surveys in 2019 and 2020. The age of adult smelts ranged from 1 to 8 years and, at
1.2%, the aging precision between independent readings was high (Campana, 1990). A linear
relationship between fish length and otolith length was observed over the size distribution (Fig.
12) and can be used for growth back-calculation. The overall fitted linear regression (P<0.001,

r2=0.88) was:
Len =0.94 + 0.0327(0to)

where Len is fork length (mm) and Oto is otolith length (um). A biological intercept of Len=50
mm and Oto=1500 um would be reasonable if the Biological Intercept method were to be used for
growth back-calculation. Back-calculations to the early larval stage however, is not recommended
as growth during this period exhibits a curvilinear relationship between fish length and otolith
radius (Sirois & Dodson, 2000). The Aso for both combined sexes was 3.47 years and the Lso for

both combined sexes was 131 mm (Fig. 13).

There was a clear check observed at a mean (£SE) otolith diameter of 1105£19 um on fish aged
as 1-year-old, but not on older fish (aged 2-8 years). We assumed that this check had merged

distally with the first annulus in older fish. However, if this assumption were proven false then one
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year must be subtracted from all fish aged 2 or older. To validate this assumption, we attempted to
collect age validation protocol for this species as well as known young-of-year fish from around
the time of annulus formation with the intention of using their otolith radius as the expected
diameter of the first true annulus in older fish (Campana, 2001). Unfortunately, we were
unsuccessful in securing these data for the current study, but recommend this approach for future
research. Given that translucent zones typically form during the winter; the decision was made to
count translucent edges as annuli on all fish sampled during the winter months. However,
translucent margins were also present on some otoliths collected in the summer and fall. Where
this translucent edge was clear, it was counted as an annulus. Yet, translucent edges were present
in a small percentage (9%) of samples collected during summer and fall, and thus do not influence

our overall conclusions.

Visual inspection of VBGF plots revealed clear sex differences in length-at-age and growth rate,
occurring near the age of maturation (Fig. 14). Female average fork length was larger than that of
males’ for each age cohort after Aso. Thus, VBGF curves varied between males and females, with

female L.,=243.6, K=0.212 and t,=0.581, and male L,=186.9, K=0.358 and to=0.274.

GSlI varied by sex and time of year. In August, mean GSI (xSD) was 0.58 (+0.45) % increasing to
2.525 (£0.740) % in September, 14.80 (£2.17) % in February and 17.97 (x2.07) % in March for
females, while males showed less variability with mean GSI being 0.59 (£0.26) % in August, 3.07
(20.583) % in September, 2.25 (£0.599) % in February and 2.523 (+0.381) % in March (Fig. 15).
Aged 1 juveniles and spent adults were only collected in August. Both males and females displayed
asymmetry in size and location of the gonads. Fulton’s condition factor ranged between 0.51 and

0.65, with a mean of 0.583 (+0.065) for individuals aged as 3 years or older (older that age of
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maturity). Individuals aged 1 and 2 years (younger than age of maturity) had an average factor of

0.388 (+0.095).

2.4 Discussion
Ecology of rainbow smelt at the northernmost limit of their range

Rainbow smelt hatch later within Lake Melville compared to southern regions. For comparison, in
Lake Champlain, the St. Lawrence Estuary, and Lake Michigan the hatch period begins as early
as May (Simonin et al., 2016; Sirois & Dodson, 2000; Tin & Jude, 1983). In Lake Melville, the
hatch period of rainbow smelt began in late June, which is comparable to dates reported in other
Newfoundland populations, where the water is colder and seasonal sea-ice is present. For example,
anadromous rainbow smelt in the Salmonier River (Latitude: 47° N) hatched from early June to
late July (Bradbury et al., 2006). Similarly, the estimated spawning period for Lake Melville smelt
began in early June for both sampling years compared to February and March at the southern extent
of their distributoin range (Chase et al., 2019). Rainbow smelt are known to align their reproductive
cycle with seasonal change in temperature (Ayer et al., 2005; Chase et al., 2019; O’Brien et al.,
2012). For example, they time their spawning runs with spring ice breakup when temperatures
reach 3-4°C (O’Brien et al., 2012; Rupp, 1959), and first hatch occurs 10-32 days (Ayer et al.,
2005) or an average of 156.5 degree days (Gagnon, 2005) after spawning. Thus, it is expected that
populations in colder, more northern regions such as that of Lake Melville would see delays in
these processes to times when conditions are more favourable for survival. Within Lake Melville,
otolith back—calculation also revealed that smelt hatching period began 4 days earlier in 2019,
when SST was approximately 3 degrees higher, than in 2018. Given that incubation period is

strongly correlated with temperature (Gagnon, 2005), these results are to be expected.
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Rainbow smelt larvae exhibit faster growth than most other southern populations in North
America. Studies conducted within Lake Huron and the St. Lawrence Estuary recorded growth
rates ranging from 0.16 to 0.35 mm-d (O’Brien et al., 2012; Sirois & Dodson, 2000). Our results
were comparable to those of smelt larvae from Lake Champlain, where Simonin et al., (2016)
observed an average growth rate of 0.57 mm-d-*. Because rapid growth is believed to occur when
surpassing some minimum size threshold decreases the risk of mortality (Arendt & Reznick, 2005),
variability in larval smelt growth across regions is likely due to different selective pressures (Sirois
& Dodson, 2000). A shorter growth season within Lake Melville, coupled with selection for a
maximal size for overwinter survival, likely selects for faster growth during the larval stage
(Conover & Present, 1990). With the early onset of ice formation in Labrador (Nov 10-14), Lake
Melville smelt larvae have a shorter window for attaining a suitable size (ca. 111 days post-hatch),
which is critical for survival and subsequent recruitment (Arendt & Reznick, 2005; Sirois &

Dodson, 2000).

Larger and faster growing larvae are less susceptible to risk of predation, starvation and dispersion
from favorable nursery habitats (Sirois & Dodson, 2000) suggesting that factors such as predation,
food availability or drift may contribute to the fast growth of larvae. For example, Arendt &
Reznick (2005) found that in high predation, high resource areas, fast growth was selected for in
guppies (Poecilia reticulata), whereas in low predation, low resource areas selection for slower
growth occurred. Within Lake Melville, rainbow smelt larvae aggregate near the pycnocline in
summer, where zooplankton abundance is also high (Tiffany Small, Memorial University,
unpublished data). The high growth rates of larvae in the Lake Melville System may thus indicate
a surplus of available energy resources (Sirois & Dodson, 2000), and the strong stratification of

the lake may provide an abundance of prey for smelt larvae after yolk reabsorption. Additionally,
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Lake Melville smelt have a suit of predators including birds, salmonids and gadids (McCarthy,
2009), and fast growth may be selected for as size refuge from these predators (Arendt & Reznick,
2005). Future research should aim to understand how predator-prey interactions influence growth

of larval smelt, including within Lake Melville.

Since temperature is an important driver for metabolic rate, somatic growth, developmental time
and subsequent ontogenetic transitions (i.e. metamorphosis and maturation) (Angilletta, 2009),
variations in growth and maturation across the rainbow smelt’s entire geographic range are likely
due to variation in thermal gradients (Trip et al., 2014). Typically, age and size at maturation
increase with decreasing temperature (Kuparinen et al., 2011), thus it is expected that these life
history traits will occur later at the northern extent of the smelt’s range, where temperatures are
colder and metabolic rates are slower. In contrast to larval smelt, adult smelt grew slower than
more southern populations; living longer and achieving comparable sizes to that of the average
maximum length in North America over a longer period of time (see table 1 in Chase et al., 2019).
Lake Melville smelt reached fork lengths of up to 221 mm and ages of up to 8 years, whereas more
southern populations achieved similar lengths in roughly 3-4 years (Chase et al., 2019). Our
findings on the age of maturity were consistent with previous reports suggesting that Lake Melville
smelt mature after the age of 3, with a Lso of approximately 131 mm (McCarthy, 2009). In contrast,
spawning runs in more southern regions have been comprised of individuals as young as 1 year,
with a length of maturity of 126 mm (Chase et al., 2019; O’Malley et al., 2017). Fulton’s condition
factor showed similar trends to that of Chase et al., (2019), ranging between 0.5 and 0.65 for mature
individuals and less than 0.5 for immature individuals. Our observations thus support the body of

evidence suggesting that rainbow smelt follow the Temperature-Size Rule.
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Potential effects from climate and anthropogenic change

The abundance of larvae within Lake Melville was higher at locations with lower temperature
(8.0°C in 2018 and 9.5°C in 2019, respectively). This possibly suggests that larval survival was
higher at stations with lower temperatures and would be consistent with rainbow smelt being a
cold-water species that inhabits waters ranging from 9 to14°C (Ayer et al., 2005). However, Ayer
et al., (2005) observed that rainbow smelt reared in vitro had similar survival rates across a wide
range of temperatures (5 to 20°C). As larvae were only a few days old and not yet motile, they
potentially occupied the different sampling stations due to drift rather than active preference. The
variation in abundance between stations could also be driven by variation in predator and prey
abundance rather than direct physiological impact on smelt larvae ((Cushing, 1990; Houde, 2008;
Simonin et al., 2016)). Alternatively, temperature may not be determining abundance through

survival and variation in larval abundance may be driven by differing spawning locations.

With the Lake Melville region experiencing a warm weather anomaly since the 1990’s (Finnis &
Bell, 2015; Kamula, 2020), climate change could negatively impact larval growth, which could
have implications on larval survival and subsequent recruitment (Cushing, 1969, 1990; Hijort,
1914; Houde, 2008; lles & Sinclair, 1982; Miller et al., 1988). Larval growth has been shown to
increase with an increase in temperature (Ayer et al., 2005) and the warmer climate may improve
growth of rainbow smelt larvae. That being said, it may be possible that rainbow smelt will adapt

to some extent to warmer waters if food availability remains adequate at those temperatures.

In addition to climate change, the operation of the Muskrat Falls hydroelectric dam has the
potential to modify the spatial and temporal thermal regime of the downstream Lake Melville. For
example, Archer (2008) observed a thermal influence from the Kielder Dam, UK, as far as 60 km

downstream from the main reservoir with temperatures being lower than normal in the spring and
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summer but higher than normal in the fall. This cold water intrusion during the larval growth stage
may decrease the rate at which larvae grow increasing their susceptibility to size-selective
mortality. Hydropeaking within the Churchill River may lead to the potential shortening of ice
cover within Lake Melville (McCarthy, 2009) and may also cause a dampening of temperature
variability (lower summer maxima, higher winter minima) (Casado et al., 2013; Clarke et al.,
2008). This change to the natural hydrography may impact the timing of life history processes that
rely on thermal/salinity cues (i.e. migration and spawning) (Clarke et al., 2008). The impacts on
Lake Melville rainbow smelt due to thermal and flow regime shifts could range from a subtle
alteration in timing of life history processes to possible physiological changes (i.e. oocyte and

germ cell development, growth rate) (Li et al., 2021).

2.5 Conclusion

The rainbow smelt population of upper Lake Melville is well adapted to the cold environment and
short productive period prevailing at high latitudes. It exhibits a faster growth rate during the larval
stages but a lower growth rate, older age at maturity and longer life span than southern populations.
We observed higher larval abundance at lower temperatures, which suggests that climate warming
could negatively impact the abundance of rainbow smelt in the region. We also observed no
significant difference in larval abundance within Lake Melville between 2018 and 2019, despite
being more saline in 2018 (4.12 (= 3.1)) and warmer in 2019 (11.4 (+ 1.4) °C), which may indicate
a certain level of resilience to fluctuations in temperature and salinity. However, since temperature
has been known to influence growth (Ayer et al., 2005), and larval growth has been hypothesized
as being a major influence on mortality and recruitment (Cushing, 1969, 1990; Hjort, 1914; Houde,
2008; lles & Sinclair, 1982; Miller et al., 1988), variation in temperature my lead to subsequent
impacts on larval survival. However, the negative climate impacts could be dampened by
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plasticity in the ecology of the species, which is well adapted to a large variation of temperatures
over its distribution range. The new hydroelectric facility could also contribute to changes in
growth and subsequent abundance by reducing the gradient of the strong pycnocline where both
smelt larvae and zooplankton prey accumulate. In any case, any change that may indirectly impact
larval survival and, ultimately, recruitment, of rainbow smelt in Lake Melville would have
cascading impacts on the whole ecosystem as the species funnels energy between zooplankton and
higher order predators (i.e. salmonids, seals, seabirds) (Dobosenski, 2020). Although we do not
predict negative impacts to rainbow smelt populations in the short- to mid-term based on our
results, it is critical to continue monitoring the physiology and abundance of rainbow smelt in

upper Lake Melville for any confounding factors that could impact rainbow smelt populations.
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Chapter 3: General Conclusion

Larval rainbow smelt are well adapted to the variable environmental conditions and short
productive period that prevail within Lake Melville. They exhibit a faster growth rate than more
southern populations, which is likely selected for because of a shorter growth season and a
minimum size requirement for overwinter survival. However, other mechanisms may also
contribute to fast larval growth, such as a surplus of available prey within the low salinity surface
layer or high predation pressure (size-selective mortality). With limited age data having been
collected from 2018, no conclusion can be drawn as to the impacts that varying temperatures and
salinities have on larval growth. However, previous research suggests that in warmer, less saline
conditions, larval smelt grow faster than in colder more saline conditions (Ayer et al., 2005). The
data presented herein do, however, provide important baseline information, which can be used to
assess the survival of larvae in the future. For example, Small et al., (in preparation) found that the
spring bloom, indicated by relative concentrations of chlorophyll-a, occurred in early June in 2020.
High chlorophyll-a concentrations persisted until mid-July. High chlorophyll-a concentrations
have been linked to increases in overall zooplankton biomass (Lyngsgaard et al., 2017). Therefore,
if we assume that previous years were characterized by similar peaks in relative chlorophyll-a
concentrations, then our data suggest that rainbow smelt hatch coincides with a period of high prey

abundance.

The operation of the Muskrat falls dam may shorten the ice period and lessen temperature
variability within Lake Melville, which could have impacts on the timing of life history processes
such as spawning and hatching as well as prey availability due to destabilization of the strong
pycnocline (Durkalec et al., 2016; McCarthy, 2018). If prey-driven mechanisms, such as those
proposed by Hjort (1914) and Cushing (1969), impact the survival of larvae then a decline in
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primary and secondary productivities or alteration to the temporal overlap between the spring
bloom and hatching period would be expected to negatively impact survival of smelt. Our findings
also suggest that larval rainbow smelt grow faster in Lake Melville than in more southern regions.
The expected influx of colder, saltier waters during the summer months due to Muskrat falls
operation may not impact larval survival directly, but may decrease growth rates of larvae, leading
to increased susceptibility to predation and starvation (Ayer et al., 2005). If size-selective
mechanisms, such as those proposed by Miller (1988) and Cushing (1990), were the main driver
for survival then a slowing of larval growth rates may negatively impact survival of smelt within
Lake Melville. Thus, this baseline information on timing of life history processes and growth is
important for future work aimed at assessing how these factors drive survival of larval smelt within
Lake Melville. Although it is currently unclear what impacts the Muskrat Falls dam will have on
survival, our data suggest larval rainbow smelt have a certain level of tolerance to fluctuations in
temperature and salinity, as abundance was not significantly different between 2018 and 2019,

despite being 1.5 °C warmer in 2019 and 2.9 pss saltier in 2018.

Growth and maturity of rainbow smelt follows the temperature size rule, which states that in more
northern, colder climates, exothermic fish experience slower growth rates and later maturation
(Forster & Hirst, 2012). Our findings are also similar to those of previous studies conducted within
Lake Melville, which found that rainbow smelt ranged in age from 1 to 8 years and matured after
the age of 3 (McCarthy, 2018). Furthermore, our asymptotic lengths of 231.5 mm and 182.1 mm
for females and males respectively, were similar to that of other studies across North America
(Chase et al., 2019). It is unclear how the operation of a new hydroelectric dam and climate change
will impact the growth, maturation and age structure of Lake Melville rainbow smelt, but given

that they show plasticity in these processes across their entire geographic range, Lake Melville
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smelt may be capable of adapting to a changing environment within the estuary, at least within the

coming years.

The back-calculated hatch period showed a correlation with temperature, beginning earlier in June
2019, when temperatures were warmer (7.9°C vs. 5.2°C). Given that temperature impacts the
timing of key life history events such as spawning and migration, the operation of a new
hydroelectric dam in the region, which could result in colder and saltier waters entering the estuary
in spring-summer, is expected to delay ice-break up by approximately one week (McCarthy, 2009).
This delay in warm-up and subsequent ice break-up may lead to subtle shifts in spawning and

hatching timings to periods where temperatures are warmer, and later in the season.

Due to the plasticity in life history and physiological processes that rainbow smelt exhibit across
their entire geographic range, a single population cannot be used to inform management practices
for another. Thus, insights into the regionally specific processes that drive recruitment, growth and
survival are key for the development of a management framework for that region. Future research
should aim to use stomach content analysis of both smelt and their predators, to assess predator-
prey interactions within this system and how these relationships contribute to the perceived fast
growth of larval rainbow smelt. Furthermore, it is critical to continue monitoring the ontogeny and
abundance of rainbow smelt in upper Lake Melville in response to the operation of Muskrat Falls
Project. By continuing to monitor the hydrography of Lake Melville and collect information on
growth and timing of life history processes in rainbow smelt, a longer time series containing
pertinent information on their response to changes in environmental conditions may emerge,

setting the framework for future management practices.

In the future, studies such as this should aim to sample larval smelt over a longer portion of the

growing season to allow for more comprehensive growth rate analyses. It is likely that, with a
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longer sampling period, representatives from the entire hatching period would have been collected.
Thus, information on variation in growth as it pertains to early and late hatching larvae as well as
variation in growth during the larval stage in general could have been assessed. Future studies
should also include turbidity measures (i.e. concentration of suspended sediments) in spring-
summer in their analysis as it has been suggested that within the estuarine turbidity maximum (i.e.
where suspended particle concentrations are highest) larval smelt abundance is highest as it
provides refuge from predators while not adversely impacting feeding success (Sirois & Dodson,

2000).

This study provides baseline information which can be referenced in future studies examining the
impact of hydroelectric dam operation on the life history of rainbow smelt and, in turn, ecosystem
health more broadly, due to the species’ ecological importance. These data also contribute to the
relative scarcity of information on the life history processes and growth of rainbow smelt in this

region.
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Figure 1. Water masses, physical processes, and circulation modes in fjords. The vertical density

distribution is shown by p(z). Mixing in the basin water occurs essentially at the bottom boundaries
(Bengtsson et al., 2012).
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Figure 2. Map of Lake Melville, Labrador denoting the five local communities; Happy Valley-
Goose Bay, Mud Lake, Sheshatshiu, North West River and Rigolet. The mouth of the Churchill

River (red star) flows between Happy Valley-Goose Bay and Mud Lake. To the east of Lake
Melville is the Mealy Mountains National Park Reserve.
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Figure 3. Variation in river discharge from the Churchill River due to the impact of the Upper
Churchill hydroelectric facilities built in 1971. The figure shows the monthly mean Churchill River

discharge calculated for two periods of time: before (blue curve) and after (yellow curve) 1971
(Durkalec et al., 2016).
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Figure 4. Adult (top) and larval (bottom) rainbow smelt sampled from Lake Melville, Labrador,
Canada.
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Figure 5. Larval rainbow smelt (RS007) otolith as viewed under a light microscope at 1000x
magnification. This larva was 12.33 mm long and aged as 11 days old.

50



54.0°N

53.9°N

53.8°N

53.7°N

Latitude

53.6°N

53.5°N

53.4°N

53.3°N

60.0°W 59.5°W 59.0°wW

53.8°N

53.7°N

o 536N

Latitud:

53.5°N

53.4°N

60.4°W 60.2°W 60.0°W 59.8°W 60.4°W 60.2°W 60.0°W 59.8°W
Longitude Longitude

51



Figure 6. (a) Map of Lake Melville, Labrador. Yellow circles represent stations where larval smelt
were sampled (2018-2019) and red triangles represent stations where adult smelt were sampled
(2019-2020); (b) Abundance of larval rainbow smelt by station in 2018; and (c) Abundance of
larval rainbow smelt by station in 2019.
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Figure 7. Surface temperature (top) and salinity (bottom) of Lake Melville and Goose Bay during
field seasons in 2018 and 2019.
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Figure 8. Abundance of larval rainbow smelt in relation to water averaged within the top ten
meters of the water column. Solid lines indicate linear regression while dotted lines indicate the
95% confidence interval.
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Figure 9. Hatching period (green) and estimated spawning period (grey) for rainbow smelt within
Lake Melville and Goose Bay. Black dashed lines indicate ice break up (<50%) and ice formation
(>0%), while the orange line indicates sea surface temperature.
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Figure 10. Frequency distribution of hatch for rainbow smelt caught in Lake Melville, Labrador
in 2018 and 2019.
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Figure 11. Observed growth rate (top) and back-calculated growth rate (bottom) for rainbow smelt
larvae caught in Lake Melville Labrador in 2018 and 2019.
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Figure 12. Linear relationship between rainbow smelt fork length and otolith diameter of adult
smelt caught in 2019 and 2020.
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Figure 13. Age of maturity (Aso) and length of maturity (Lso) of the pooled male and female
rainbow smelt gonadal data. Numbers equal the n values for each age cohort.
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Figure 14. Von Bertalanffy growth curves for female (blue) and male (red) rainbow smelt caught
within Lake Melville and Goose Bay, Labrador, during 2018 and 2019. The dashed black line
indicates the calculated maturation age (Aso).
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Figure 15. Gonadosomatic Index (GSI) of female (red) and male (blue) rainbow smelt as a

function of month of capture during 2019 and 2020.
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Tables

Table 1. General information collected for each station within Goose Bay and Lake Melville,

Labrador.

ID  Location Sampling Latitude Longitude Depth Temperature Salinity Samples
Date (m) (°C) (pss) collected

1 Goose Bay 2018/07/09, 53.3718 -60.3135 30 9.684, 2.083, Larvae
2019/07/09 12.164 0.51

2 Goose Bay 2018/06/30, 53.3871 -60.2121 40 10.643, 0.649, Larvae
2019/07/10 11.704 0.186

3 Goose Bay 2018/07/01, 53.3885 -60.0852 40 10.726, 0.236, Larvae
2019/07/07 12.346 0.236

4 Goose Bay 2018/07/02, 53.4087 -60.0389 50 11.176, 0.512, Larvae
2019/07/07 12.158 0.244

5 Lake Melville ~ 2018/07/10, 53.5183 -59.9631 40 7.978 7.634, Larvae
2019/07/04 10.278 0.799

6 Lake Melville  2019/07/01, 53.5602 -59.9013 100 9.121, 5.902, Larvae
2019/07/04 9.474 2.1

7 Lake Melville ~ 2018/07/08, 53.5921 -59.8261 65 8.111, 8.629, Larvae
2019/07/05 9.725 2.422

8 Lake Melville ~ 2018/07/11 53.6736 -59.9302 30 9.502, 6.701, Larvae
2019/07/11 9.798 3.172

9 Lake Melville ~ 2018/07/11 53.5484 -59.6405 39 11.037, 5.963, Larvae
2019/07/11 10.098 2.738

10 Lake Melville ~ 2018/07/12, 53.5965 -59.7217 80 11.045 6.296, Larvae
2019/07/11 10.292 2.369

11 Goose Bay 2019/02/01 53.3544 -60.2879 30 Adults

12 Goose Bay 2020/03/25 53.3797 -60.0354 30 Adults

13 Goose Bay 2020/03/13 53.3822 -60.3419 40 Adults

14 Goose Bay 2020/02/13 53.4402 -60.1877 40 Adults

15 Lake Melville ~ 2019/10/09 53.4833 -59.8500 30 Adults

16 Lake Melville  2019/09/26 53.5271 -59.9239 50 Adults

17 Lake Melville ~ 2019/08/27 53.7029 -59.9808 45 Adults

18 Lake Melville  2019/08/27 53.7949 -59.7992 40 Adults

19 Lake Melville  2019/08/27 53.9552 -58.8273 100 Adults
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