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cleaned, scrutinized, and analyzed all acoustic data with the help of Jordan Sutton. I conducted all
the statistical analyses and manuscript preparation for this thesis with supporting comments from

my committee.
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Thesis structure

Chapter 1 of this thesis is a literature review structured as a general introduction to provide
background on necessary contextual elements to support the main objectives of Chapter 2. Chapter
2 presents the core of the study and investigates the abundance, assemblage, and distribution of
pelagic fish in relation to the stratification of Lake Melville. This chapter also delves into the use
of Rainbow smelt as a sentinel species and the importance of long-term monitoring in estuaries
affected by hydroelectric projects. This main chapter is to be submitted as a peer-reviewed paper
to the journal of Estuarine, Coastal and Shelf Science. Chapter 3 is the general conclusion which
wraps up the key findings of the research presented herein and offers recommendations to improve

future ecological research involving estuaries.

11



General Abstract

Estuaries are semi-enclosed bodies of water that are influenced by freshwater runoff and saltwater
from neighbouring oceans. Water masses in estuaries can be strongly stratified and are often
influenced by geological, hydrological and hydrographical features. The stratification of the water
column in estuaries creates important nursery habitats for larvae and juvenile fish populations. The
Lake Melville system, a highly stratified sub-arctic estuary in Labrador, spans 2100 km? and is
considered the longest single body of water in Labrador (250 km). By pairing seasonal
hydroacoustic surveys conducted in summers 2018-2019 and winters 2019-2020 with
ichthyoplankton and gill nets sampling as well as environmental DNA, we test the hypothesis that
the strong water stratification prevailing in upper Lake Melville provides a refuge for early life
stages of fish. We found that adult pelagic fish occupied the Atlantic waters below the steep
pycnocline, while ichthyoplankton aggregated just above and within the pycnocline (as deep as 25
m). Nine species of fish were captured in gill and fyke nets and 53 fish species were detected with
environmental DNA. Larvae of Rainbow smelt (Osmerus mordax) were ubiquitous in July and
August and represented 100 % of the ichthyoplankton assemblage during these months. No fish
larvae were caught in winter (February). As seen in other estuaries, we conclude that the layer of
freshwater provides a refuge for Rainbow smelt larvae, a key forage species in the estuary. The
recent completion of a large hydroelectric project on the main affluent of Lake Melville could alter
the seasonal flow of freshwater and, ultimately, fish distribution. This study contributes to the
growing library of resources from which to assess future changes in biodiversity and distribution

of fish in the estuary.
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Chapter 1: General Introduction

1.1.1. Estuaries and estuarine circulation

An estuary is a semi-enclosed coastal body of water, whereby water circulation occurs from the
interaction between the less dense freshwater influx from rivers and the denser deep saline waters
from neighbouring seas. A tidal prism is the volume of water in an estuary between mean high and
mean low tide. Estuarine fluxes occurring near the open ocean are dependent on the estuary tidal
prism and magnitude of freshwater run-off. The freshwater inputs are regulated by natural forces
(i.e. rainfall, melting of snow and glaciers) and human freshwater management upstream (i.e.
irrigation, flooding, water storage for electricity generation (Campuzano et al. 2017)).
Understanding natural and anthropogenic variability in freshwater inputs to an estuary is critical

when studying how hydrodynamics impact its ecosystem.

Historically, the classification of estuaries relied heavily on the degree of stratification, as
suggested by Hansen and Rattray (1966). This classification used two primary salt import
mechanisms: dispersion attributed to tides and vertical shear dispersion due to gravitational
circulation, to discriminate between seven types of estuaries. The four most common types are
Type 1: slightly stratified, Type 2: vertically mixed, Type 3: fjords, and Type 4: salt-wedge
(Hansen and Rattray Jr. 1966) (Figure 1). In Type 1 the net flow is seaward at all depths and there
is a diffusion effect on the upward salt transfer. Type la represents a well-mixed estuary where
salinity stratification is minimal in contrast to Type 1b where stratification is appreciable. Type 2
is an estuary where the net flow reverses at depth and advection and diffusion contribute to the
upstream salt flux. Types 2a and 2b are like Types 1a and 1b, respectively, only for well-mixed

estuaries. Type 3 has more influence from advection which can account for over 99% of the
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upstream salt flux. Type 3a is the same as Type 3 just with minimal stratification. Type 3b include
fjord estuaries where the lower layer is so deep that salinity gradient and the circulation do not
extend to the bottom. Type 4 estuaries are salt-wedge, where there is a large degree of stratification
and the flow grades from a thick upper layer flowing over a thin lower layer, towards a shallow

surface layer flowing with little influence over each gradient (Hansen and Rattray Jr. 1966).

More recently, studies noting inconsistencies in the Hansen and Rattray (1966) stratification-
circulation diagram have proposed the addition of nonlinear models and have adapted the diagram,
increasing its selectivity to only physically plausible scenarios and to include estuaries with
advection-dominated fronts and subtidal salt wedge estuaries (Dijkstra and Schuttelaars 2021).
Additionally, the Hansen and Rattray (1966) method did not uniformly distinguish between
estuaries with different flow or salinity structures, or dominant salt transport mechanisms
therefore, an extended classification diagram using regimes was proposed (Figure 2) (Dijkstra and
Schuttelaars 2021). In this classification, models of the four regimes are as follows. Regime 1:
dispersive regime, is dominated by a balance between river-induced flushing and dispersive
processes for salt import. Regime 2: Chatwin’s regime, based on Chatwin (1976) description of a
subtidal salt balance between river-induced flushing and import grounded on the interaction
between gravitational circulation and the sheared salinity field caused by gravitational circulation.
Regime 3: Chatwin’s regime with advection dominated front, like Regime 2 but differing in the
balance of processes at the salt intrusion limit whereby advection may be the primary mechanism
to balance flushing rather than dispersive transport. Lastly, Regime 4: Subtidal salt wedge regime

where the surface water is almost entirely fresh, and the bottom salinity decreases on a gradient
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close to the mouth before declining rapidly near the salt intrusion limit (Dijkstra and Schuttelaars

2020).

1.1.2. Fjord estuaries

Within a fjord, water masses are generally arranged in three layers; a surface layer, an intermediate
layer and a bottom layer (Farmer and Freeland 1983). The surface layer may be well mixed and
extends down to the intermediate layers where a steep halocline is present. The bottom layer sits
below the depth of the sill and is near freezing. The arrangement of these three layers have been

documented in fjords with and without deep-sills (Cottier et al. 2010).

The upper layer is characterized by freshwater, likely from ice melt and runoff. Because of this
discharge and surface warming, this layer typically experiences seasonal variability in salinities
and temperatures (Cottier et al. 2010). The intermediate layer is often influenced primarily by
advected water masses, external to the fjord. It is likely that mixing with shelf waters has occurred
and this layer can be relatively warm. The deepest water mass is the densest and often exhibits the

highest salinity.

Arctic fjords are subject to seasonal hydrographic cycles. A study of Kongsfjorden in Spitsbergen
builds on the previous categorization of a three layer system and provides a general
characterization of seasonal fluctuations within arctic fjords (Tverberg et al. 2019). In autumn and
winter, the water within the fjord is strongly cooled at the surface through atmospheric heat loss.
Convection begins with the formation of sea ice causing surface waters to cool and become
increasingly saline from the release of brine (Tverberg et al. 2019). This convection reaches the

bottom in the fjord in periods of intense freezing, producing Winter Cooled Water. The presence
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of spring causes sea ice to melt forming a low-density surface layer. The depth of this freshwater
layer increases with wind-driven mixing and is influenced by surrounding rivers. The low-density
surface water increases vertical stability and flows out of the fjord. Below the surface water,
Intermediate Water is formed through mixing with the deeper water mass. The steep halocline
persists in the Intermediate Water similar to the intermediate layer described by Farmer and

Freeland (1983).

Additionally, Tverberg et al. (2019) found that the seasonal cycles within Kongsfjorden may vary
depending on which type of winter water production had been dominating. Characterized by three
different winter scenarios; Winter Deep, Winter Intermediate and Winter Open winters. Winter
Deep winters exhibit convection that extends to the bottom with either little or no advection of
Atlantic water into the fjord (Tverberg et al. 2019). The deep convection leads to dense bottom
water that causes summer advection of Atlantic water to occur at an intermediate depth. Winter
Intermediate winters are defined by winter convection being limited to an intermediate depth and
winter advection of Atlantic waters into the deepest part of the water column (Tverberg et al. 2019).
Advection of Atlantic water continues to be deep even into summer which results in relatively cold
water at an intermediate depth. Winter Open winters are characterized by upwards advection of
Atlantic water into the surface layer and winter convection of Atlantic water to the bottom. The
summer cycle resembles that of Winter Deep winters except for a shallow Atlantic water advection

due to dense winter water (Tverberg et al. 2019).

Understanding the natural variability within fjord estuaries is critical for water resource

management, especially in areas manipulated by the development of hydroelectric power
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(Montagna et al. 2013). Hydroelectric projects reduce the inflow of freshwater in estuaries while
also influencing seasonal variation of inflow pulses (Clarke et al. 2008). Though many of the
species found in estuaries are euryhaline and have evolved over long periods of time to be tolerant
to changes in freshwater inflow, most remain in locations within their salinity range. Changes in
the timing and/or amount of freshwater inflow have thus been observed to affect abundance and
distribution of estuarine fish (Carassou et al. 2011; Dadswell et al. 2018; Rytwinski et al. 2020).
Fish that enter areas with altered flow regimes may have their sensory-response system impaired
from not being able to effectively use their lateral line to sense obstacles and adapt to the complex
pressure regimes of hydro turbines (Coutant and Whitney 2000). A quantitative study found that
the three main mechanisms that render fish susceptible to dam impacts were 1) transformation of
upriver habitats from a lotic or rapidly moving environment to a lentic or still environment; 2)
habitat fragmentation and 3) the introduction of non-native species (Turgeon et al. 2019).
Additionally, Linear Mixed Effects Models have been applied to investigate the effects of dams
on species richness and biodiversity across different biomes (Turgeon et al. 2019). Results have
found significant declines in the tropics, lesser affect but similar declines in temperate regions and

no changes in boreal regions (Turgeon et al. 2019).

1.1.3. Habitat use in estuaries and biodiversity

Estuaries are some of the most biologically productive and highly diversified areas on Earth
(Costanza et al. 1998). Productivity is driven by estuarine circulation which transports nutrients,
sediments, and organic materials throughout the entire system. This circulation has a significant
impact on energy transfer throughout estuarine food chains, and the abundance and distribution of

species that inhabit the area (Murawski et al. 1980; Stoeckle et al. 2017; Kamula et al. 2017; Becker
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et al. 2017). These processes facilitate diverse environments with bacteria, phytoplankton,
zooplankton, animals, and plants from both freshwater and saltwater ecosystems that increase the
diversity of the ecosystem. Additionally, the vertical stratification between water masses promote
biodiversity by creating a unique habitat that offers a throughfare for migratory species as well as
anursery habitat for juvenile fish (Blaber and Blaber 1980; Paterson and Whitfield 2000; Bradbury

et al. 2008; Simo-Matchim et al. 2016; Franca and Cabral 2016; Sylvester et al. 2018).

Biodiversity is an important metric for ecosystem monitoring where it is used to quantify and
assess the species richness in each area. A diversity index is a quantitative measure that reflects
the number of different species and how evenly distributed individuals are among species. There
are a few different methods of quantifying the diversity index such as Simpson’s Index and the

Shannon - Weiner Index.

Simpson’s Index (Simpson 1949) was developed in 1949 and is computed as:

Ynn—-1)
~ N(N—-1)

D =
Where 7 is the number of individuals of one species and N is the total number of all individuals.
This index is a weight arithmetic mean of proportional abundance and measures the probability
that two randomly selected individuals from the same sample will be the same species. The value
of D ranges from 0 to 1, where 0 represents infinite diversity and 1 represents low diversity
The Shannon-Weiner index was developed in the late 1940°s (Shannon 1948). The index relies on
the assumption that the degree of uncertainty of predicting the species of a random sample is

related to the diversity of the community. This means that is a community has low diversity, the

uncertainty of prediction is low and vice versa.
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The most common formula is as follows:

N
H' = _Zpilnpi
i=1

Where H'’ is the species diversity index, s is the number of species, and p;i is the proportion of
individuals of each species belonging to the i species of the total number of individuals. The

higher the H’, the higher the species diversity.

Despite both these methods being used widely in ecology, there are some challenges with
attempting to quantify diversity within a community. Something these indices lack is the ability to
capture abundances of rare species because the diversity values are estimated from biased
measures of diversity of the larger community. Two methods that have been put in practice to
create more robust diversity estimates are coverage and Hill diversity (Roswell et al. 2021).
Coverage is a tool for equalizing samples and is preferred over the commonly used equal-effort
sampling. Hill diversity involves a wide range of diversity metrics and is based on three
parameters; 1) species richness and variants of the Shannon and Simpson indices are all
incorporated into one equations, 2) the richness of Shannon and Simpson indices can be expressed
on the same scale with units of species, and 3) “leverage” a concept detailing that the removal of
the effect of relative abundance form estimates of any diversity metrics is not permitted so the
researcher much choose the relative sensitivity of the metric towards rare species (Roswell et al.

2021).
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1.1.4. The Lake Melville Estuary

Lake Melville is a large (2,100 km?) sub-arctic estuarine fjard (irregularly shaped fjord) that is part
of the Hamilton Inlet, on which Innu and Inuit rely for subsistence harvesting (Durkalec et al.
2016). The estuary is the single largest body of water in Labrador, stretching 250 km (Figure 3).
The Lake Melville system includes a relatively shallow bay (~55 m) in the western end of the lake
called Goose Bay, a small strait with a shallow sill connecting Goose Bay and the eastern upper
part of the lake, referred to as the Narrows, and a small Middle portion of the Lake with salinities
between 5-10 acting as a transition area from the rest of the system to Upper Lake Melville (~200+
m). Another strait called the Rigolet Narrows separates Lake Melville from Grosewater Bay and

the open Atlantic Ocean (Figure 3).

As in other estuaries, river inflows are responsible for regulating physical and ecological processes
of the Lake Melville’s riverine ecosystems and are characterized by the magnitude of discharge,
duration, frequency, timing, and rate of change of flow conditions (Poff et al. 1997). Lake
Melville’s hydrology is driven by a fjord estuarine circulation (Hansen and Rattray, Type 3b),
where brackish surface waters from river run off (salinity <10) flow seaward and the bottom saline
waters of the Labrador Sea (salinity ~28) flow landward. These dynamics are primarily driven by
two key factors; the vast amount of freshwater input which lowers the surface salinity and energetic
tidal mixing at the sill near the Rigolet Narrows (Durkalec et al. 2016). Stratification of the low
salinity surface waters (~2 — 20 m deep) and saline bottom waters is very pronounced close to the

mouth of the Churchill River and gradually breaks down towards the Labrador Sea (Bobbitt 1982;
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Luetal. 2013). However, the steep halocline persists throughout the year creating a boundary layer

between freshwater and saltwater (Durkalec et al. 2016).

Surface currents in Lake Melville approach 0.5 m/s and vary (Durkalec et al. 2016). Past 50 m the
currents decrease to around 0.1 m/s, however significant currents (greater than 0.2 m/s at depth
and greater than 0.7 m/s at the surface), may be observed at any point of the year. About half (55%)
of the variance observed in currents at depth can be attributed to tidal currents (Durkalec et al.
2016). Surface water exchanges within a matter of tens of days, and the residence time of water
(time of waters cycling in lake) increases with depth. Complete flushing time has been estimated
to be 192 days (Durkalec et al. 2016). Seasonal ice coverage (December — May) increases the
strength of tidal currents from the surface to the bottom, whereas in summer the strongest tidal

currents are present near the surface (Durkalec et al. 2016).

The generation of power through hydroelectric dams have been extensively criticized for causing
disruptions in river flow resulting in the alterations of natural flow characteristics (Clarke et al.
2008). Hydroelectric development involves the generation or flooding of an area to control high
and low flows resulting in the absence of high flushing flows which may create high depositions
of fine sediments which further affect estuarine biota (Renofilt et al. 2010; Wu et al. 2019). Lake
Melville saw changes in the seasonality of freshwater run off after the construction of the Churchill
Falls hydroelectric project on the Churchill River in 1971 (Durkalec et al. 2016). Though there
was no significant change in the annual mean volume of river discharge, the large pulse of
freshwater occurring in late spring/ early summer from ice melt was significantly reduced (~30%

decrease) past 1971 (Akenhead and Bobbitt 1986). Moreover, flow rates from December to April
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have tripled since before the hydroelectric development (Akenhead and Bobbitt 1986). The new
Muskrat Falls hydroelectric project may further influence changes in flow like that of the Churchill
development where seasonal flow changes were dampened. However, without evidence from
future monitoring we can only hypothesize that two dams will continue and possibly amplify the
amount of freshwater delivered into Lake Melville, rather than only having a large influx during
the spring ice melt. Increasing year-round freshwater may cause ecological disturbances especially
on biodiversity and species who use the seasonality of the estuary for life history cues (i.e. Rainbow

smelt).

1.1.5. Fish community in Lake Melville

The first report of Labrador’s ichthyology was collected by Horatio R Storer in 1850. Since then,
a few species descriptions have been conducted documenting the occurrence of freshwater, marine,
and anadromous fish species. Backus (1957) hypothesized that the dispersion of freshwater species
into Labrador was achieved by either an eastward dispersal from Hudson Bay or northward and
eastward spread from the lower St. Lawrence. Due to the similar freshwater assemblages of the St.
Lawrence, dispersal from the St. Lawrence into Labrador is more likely. However, the freshwater
fauna of Hudson Bay is rich and the freshwater species of Labrador closely followed the retreating
ice sheet, hence an early connection with Hudson Bay may have led to some of the dispersion

(Backus 1957).

Historical reports on Lake Melville’s species assemblages parallel more recent reports. Common

freshwater species are Brook trout (Salvelinus fontinalis), Longnose sucker (Catostomus

Catostomus), and Lake chub (Couesius plumbus). Common marine species present in Lake
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Melville are Daubed shanny (Leptoclinus maculatus), Snake blenny (Lumpenus lumpretaeformis),
Newfoundland eelpout (Lycodes lavalaei), Sculpin spp. (Cottidae), Poachers (Agonidae),
American plaice (Hippoglossoides platessoides), Winter flounder (Pseudopleuronectes
americanus) and Tomcod (Gadus tomcod). Additionally, anadromous species that frequent the
system are Atlantic salmon (Salmo salar), Rainbow smelt (Osmerus mordax), and Three-spined

stickleback (Gasterosteus aculeatus) (Backus 1957).

Species that have been reported in Lake Melville but are either rare or data limited include Blue
fin tuna (Thunnus thynnus) (Backus 1957), Atlantic Cod (Gadus morhua), Capelin (Mallotus

villosus), and Arctic char (Salvelinus alpinus) (McCarthy and Gosse 2015, 2018).

Prior to the development of the Muskrat Falls hydroelectric project, while Rainbow smelt were
still present, the most abundant species within the tributaries below Muskrat Falls were Three-
spine stickleback with White sucker accounted for the majority of the biomass (McCarthy and
Gosse 2015). In Goose Bay and Lake Melville the most abundant species was Longnose sucker
while brook trout had the highest biomass catch-per-unit-effort (CPUE) (McCarthy and Gosse

2015).

Another abundant species, Rainbow smelt (Osmerus mordax), is routinely caught in monitoring
efforts in Goose Bay and Lake Melville and as part of the local recreational winter fishery. There,
Rainbow smelt has a higher trophic level than other pelagic fish such as Tomcod, but a lower
trophic level than predators such as Ringed seals (McCarthy and Gosse 2018). Isotope analysis in

the lake confirmed that Rainbow smelt are opportunistic feeders and primarily fed in the estuary
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as adults with the bulk of their diet containing decapods and amphipods (McCarthy and Gosse
2018). Because they are the direct link between macrozooplankton and larger fish, marine
mammals, and seabirds, Rainbow smelt are considered a forage species that funnels energy
throughout the food web. Though smelt are anadromous, moving into freshwater rivers and
streams to spawn in the spring, McCarthy and Gosse (2018) have reported no records of adult
Rainbow smelt in the Churchill River during late summer and fall sampling; however, recent
monitoring has identified infrequent occurrences in the lower portion of the river (McCarthy,
unpublished data). As hatched larvae grow, they move into higher salinity waters and gradually
distribute themselves to deeper areas within the estuary where they feed from summer to fall
(McCarthy and Gosse 2018). Juveniles will then mix in with adult schools and move into upper
parts of the estuary in winter (McCarthy and Gosse 2018). Because Rainbow smelt play an integral
role in carbon transfer and their life history is highly dependent on the freshwater inflow,
monitoring the distribution of the species will not only provide information on the resident

population but may also provide inferences on the health of the Lake Melville system.

1.1.6. The role of sentinel species

Attempts at monitoring the state of a particular ecosystem and its respective responses to natural
and anthropogenic stressors have been historically difficult to quantify. “Bioindicators” are
biological processes, species or communities used to monitor the quality of an environment and
how it responds to change. The ecological concept of using a bioindicator species or sentinel
species was first used in the early 1900s and has since been applied to various situations including
industry compliance with specific laws (Bonanno and Orlando-Bonaca 2017), habitat assessments

(Canterbury et al. 2000) and long-term monitoring of the integrity of watersheds (Baos et al. 2022).
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Ecologist have set a broad range of criteria that a species must exhibit to be considered a
bioindicator. These include good indicator ability, abundant and common, well-studied, and are

culturally important (Carignan and Villard 2002).

For a sentinel species to have good indicator ability, they must be sensitive to environmental
disturbances and/or stress without experiencing mortality. The response to the stressor may reflect
the response elicited by the whole population and be used as a proxy for ecosystem response and
be scaled to the degree of degradation of the stressor (Carignan and Villard 2002). Sentinel species
are often abundant within the study area and a broad range of animals can act as sentinel species.
Invertebrates have been successful sentinel species in heavily trafficked ports such as the Nutclam
(Nucula proxima) in the Port of Saint John, NB (Pippy et al. 2016) and seabirds such as Common
terns (Sterna hirundo) have been useful in marine environments (Scopel et al. 2018). Though less
popular, fish have also been used as bioindicators for estuaries. For example, in the Iberian
Peninsula, a Brazilian silverside (Atherinella brasiliensis), a flounder (Platichthys flesus) and a
mullet (Mugil cephalus), are considered estuarine sentinel species. These were selected because
their ecology and life history is extensively documented, they are easily studied, and their lifestyle
make them particularly vulnerable to the threat being studied (Ferreira et al. 2004; Salgado et al.
2019). Additionally, species that are already harvested for other purposes or are culturally
significant and already have public interest and awareness are good candidates for sentinel species

to ensure longevity in the monitoring (Carignan and Villard 2002).
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Methods for monitoring estuarine ecosystems

1.2.1. Hydroacoustics

The use of acoustics in fisheries science has become increasingly popular as it offers a less-
invasive method for monitoring fish populations and increased spatial resolution that is not subject
to avoidance such is seen with nets (MacLennan and Simmonds 2013). Historically, the state of
fisheries resources was exclusively studied using traditional fishing practices (i.e., trawling,
netting) which inadvertently catch non-target species. Integrating acoustics into fisheries
monitoring is also highly adaptable to a number of aquatic environments where alterations to the
survey design can be optimized pre (e.g., transect design and frequency selection) and post (e.g.,

noise removal algorithms and multifrequency differencing) processing of acoustic data.

The foundation of hydroacoustics centers around sound theory. Sound travels faster in water
(approximately 1480 m/s) than in air (343 m/s) and can reach depths far greater than light. The
acoustic equipment or echosounder can generate, amplify, and transmit acoustic pulses. When
these pulses reach a target the interaction results in a reflected or scattered wave and when part
of the scattered wave travels back to the echosounder, it converts the sound energy to voltage
and is received as backscatter (MacLennan and Simmonds 2013; Demer et al. 2015). There are
different types of echosounders each with their own advantages and disadvantages. Single-beam
echosounders, as their name suggests, only produce a single beam. They cannot be used to locate
targets because the signal is dependent on already knowing the direction of the target and they
have to rely on echo statistics to estimate Target Strength (MacLennan and Simmonds 2013).

Dual-beam and split-beam echosounders are two instruments that offer a more sophisticated
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direct measurement for target strength. Dual-beam echosounders have transducers of 73 elements
arranged in four concentric circles around one element at the center (MacLennan and Simmonds
2013). These elements allow for the use of a narrow or wide beam depending on which elements
the user has configured to operate. Comparatively, split-beams have a transducer that is divided
into three or four quadrants where target direction is determined by comparing the signals

received by each quadrant (MacLennan and Simmonds 2013).

Echosounders are used to observe fish in most of the water column besides the near field zone
and just above the seabed in the Integrated Dead Zone (IDZ) (Ona and Mitson 1996). The near
field is the region immediately below the transducer face and occurs at ranges where the wave-
fronts produced by the transducer elements are not parallel (Simmonds 2005; Abraham 2019a).
The depth of the near field varies for each echosounder and environment and depends on the
wavelength, the wave number (k) and the active radius a, this is approximately 5m for a 38kHz
transducer. The IDZ region includes the Acoustic Dead Zone (ADZ) and is where fish cannot be
detected due to the additive effects of the unsampled volume of a spherical acoustic beam, the
acoustic backstep used to exclude signal reflections from the seabed, and the partial integration
zone (PIZ) where only a fraction of the echo is detected (Mello and Rose 2009). Hence, limiting

the effectiveness of acoustics on studying species that frequent the surface and seabed.

The Sonar equation is used to measure the ratio of sound reflected by a target (i.e. backscatter).
This equation incorporates the effect of each part of the remote sensing application on the “power”
in the signal of interest (Abraham 2019b). The sonar equation is formulated using the decibel

logarithmic scale to accommodate the large dynamic range of acoustic signals and differs
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depending on the intended use (i.e., passive, or active sonar equation). Because this study

incorporates active sonar, we will be discussing this version of the equation in more detail.

In active acoustics, transducers of echosounders have two main functionalities; converting
electrical energy into a transmitted acoustic pulse, or pressure wave, (i.e., a ping), and then the
subsequent conversion of pressure waves to electrical signal from the detection of sound reflected
off an object. The active sonar equation accounts for the effect of an additional propagation leg
from the sound source to the target object and is as follows:

SNRa = SL — PLa + TS — PLb — NL + AG

Where SL is the source level of the sound projector. PL, and PL, is the propagation loss from the
sound projector to the target object and from the target object to the sensory array, respectively.
TS is the target strength, NL is the total noise power level in the processing band and AG is the

array gain in decibels (Abraham 2019b).

As the ping travels outward from the transducer, the wave disperses over a larger area (Figure 4).
Because the total energy of the transmission is fixed, the intensity decreases with range
(MacLennan and Simmonds 2013). Past the near-field, the intensity varies with range R in
agreement with the inverse-square law:

I = 1I,/R?

Where Io is the intensity normalized to unit range.
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When a ping encounters a target, some of the incident energy is scattered which generates a
secondary wave that propagates in all directions away from the target (Simmonds and MacLennan
2008). Scattering occurs wherever there is a spatial change of the acoustic impedance Z = pc,
where Z is impedance, p is the density of the medium and c is the velocity of the soundwave
transmitted through the medium. The coefficient of the reflection at a boundary is r, which

indicates the proportion of the incident energy in the reflected wave (Simmonds and MacLennan

2008).

1y = (Zr —Zw)/(Zr + Zy)

Where Zw and Z; are the acoustic impedances of water and of the reflector, respectively. The
greater the change of Z across a boundary, the stronger the scattered wave. The energy reflected
towards the source of sound is labeled as “backscatter” (Simmonds and MacLennan 2008). An
object with a boundary across which there is a discontinuity in the acoustic impedance is referred
to as a target. Targets that are smaller than the wavelength are subject to the same sound pressure
when the incident arrives, whereas the incident sound on larger targets may only be scattered by
the surface rather than the volume (Simmonds and MacLennan 2008). When target dimensions
resemble that of the wavelength, such as fish, scattering is dependent on the geometric structure
and the material properties of the target. In fisheries acoustics, backscattering from targets are
often caused by fish swimbladders (a gas-filled organ within the fish’s body cavity) that create a
large density contrast, and thus impedance, between the gas and the fluid medium (Thompson and

Love 1996; Stanton et al. 2012).
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1.2.2. Spatial analysis

A key issue when estimating abundance and distribution is estimating the precision and variance
resulting from different survey designs. Because acoustic data are collected along transects, the
unsampled areas in between these transects need to be interpolated using spatial analyses. Using
variogram models offers a solution by measuring the mean variability between any two points as
a function of the distance vector between these points (Chiles and Delfiner 2012). Kriging, a
geostatistical approach used to map resources, has been applied to fisheries population dynamics
and uses variograms to construct local unbiased estimates of minimum variance (Simard et al.
2002; Georgakarakos and Kitsiou 2008; Petitgas et al. 2017). Kriging operates under the
assumptions of stationarity (model is regulated around its constant mean) and isotropy (population
dispersion around its center of gravity is the same along every direction) (Petitgas et al. 2017).
Fish density is a stochastic variable whereby the mean statistical distribution is estimated as an
average. In fisheries acoustics, the random nature is derived from the movements of fish and from
the intrinsic variability of acoustic propagation and scattering (MacLennan and Simmonds 2013).
Although fish tend to aggregate in some areas and to avoid others, the density is a result of
stochastic processes which depend on location and time of the observations (Petitgas et al. 2017).
Therefore, we lean towards the concept of stationarity if all samples show the same statistical
distribution (i.e. uniformly distributed) regardless of time and position (Petitgas et al. 2017). Like
kriging, “Ordinary kriging” is used to interpolate between known points, but the difference is that
Ordinary kriging is used when the mean is unknown. In that case, the sum of the weights are
constrained to 100% ensuring that the mean of error is 0, regardless of what the unknown mean
ends up being. This is important because it minimizes the variance so that Ordinary kriging can be

used to estimate over a large spatial domain (Chiles and Delfiner 2012).
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1.2.3. Ground truthing and environmental DNA

Ground truthing refers to the process of determining what is being remotely sensed, for instance
with an echosounder (Petitgas et al. 2017). Challenges associated with hydroacoustic sampling
include identifying and measuring the targets responsible for the backscatter. Video imagery has
been used to verify acoustic signals but this can be difficult especially in estuaries where there are
often areas of high turbidity and strong currents where visibility is low (Berger et al. 2020).
Therefore, it is important to pair acoustic signals with ground truthing methods such as biological

sampling (i.e., trawling or setting nets) to improve the interpretation of acoustic data.

While conventional capture methods, such as trawling, provide a lot of information on species
composition and physiology, they are invasive and prone to selectivity biases. Trawling can
produce biases attributed to size selectivity and fish avoidance behaviours that fail to offer a
complete picture of the communities. Other nets, such as gill nets, are very selective, but this trait
can be mitigated with the appropriate application of varying mesh sizes (Hamley 1975).
Momentum plays an important role in the catching effectiveness of gill nets where it is a function
of both fish swimming speed and mass (McClatchie et al. 2000). It can be difficult to relate gill
net catches to acoustic biomass estimates because they measure flux of fish, rather than density
(McClatchie et al. 2000). However, gill nets are useful for confirming the presence of species in
the area. Moreover, because gill nets can be vertically stratified, they can provide detailed

information on the vertical distribution when comparing with the acoustic data.

Less invasive monitoring techniques, such as environmental DNA (eDNA), have become more

popular in recent years due to the easy data collection and high efficiency in identifying species
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occurrence (Easson et al. 2020). Environmental DNA is a tracer method and is performed by
extracting DNA from air, soil, or water samples (Taberlet et al. 2012). This technique does not
require sampling individual organisms and can be standardized to estimate false positive and
negative detections using molecular practices (Taberlet et al. 2012). Environmental DNA has been
reliably applied in freshwater (Mauvisseau et al. 2018), marine (Rooyen et al. 2021), and dynamic
river systems and estuaries (Zou et al. 2020; Hallam et al. 2021) and it has also been used in
combination with traditional netting/trawl surveys to assess distribution and detection of aquatic
species (Berger et al. 2020). Where only small traces of biological tissues or cells need to be
present in water samples to be picked up by the analysis, a key advantage to eDNA is that it can
detect species that are present in aquatic ecosystems in low abundance. The persistence of eDNA
is variable and depends on the environment (i.e. temperature and acidity), but it is said to persist
in an aquatic ecosystem for up to 21 days (Dejean et al. 2011). There are additional challenges for
applying eDNA in environments with flowing water as tissues can be transported downstream.
Understanding the distance from the source population that a species is detectable through eDNA
is still not well understood. Along with the aforementioned factors affecting the persistence of
tissue, seasonality may also be an obstacle. A study in Lake Greifensee, Switzerland attempted to
quantify the eDNA detectability range of two invertebrates within the lake system and found a
difference in the seasonal detectability (Deiner and Altermatt 2014). They found that Daphnia
longispina was present at all sites and seasons but Unio tumidus was not found past 9.1 km
downstream and 1.6 km in July and then found in October (Deiner and Altermatt 2014).
Additionally, the authors estimated the movement of eDNA to be approximately 10 km away from
the source, suggesting that the use of eDNA can provide a relatively high resolution (km) in river

systems (Deiner and Altermatt 2014).
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Rationale and research objectives

The Fish DIP project (Dam Impact on Pelagic Fish) led by the Fisheries and Marine Institute of
Memorial University took place between 2018 and 2021. With the goal of providing baseline
information on habitat, diversity, distribution, and ecology of pelagic fish inhabiting the Lake
Melville system, the Fish DIP project facilitated two complementary master’s research projects
completed by Jordan Sutton (MSc.) and myself. Sutton’s thesis studied the phenology and growth
rate of Rainbow smelt to achieve a finer look into the ecology of a high trophic level forage fish.
In comparison, the primary objective of my study is to test how seasonal and spatial (i.e.,
horizontal, and vertical) variations in hydrography influence the abundance, distribution, and
diversity of adult and larval fish populations in Lake Melville. We hypothesize that the strong
water mass stratification in Lake Melville provides a freshwater refuge for Rainbow smelt larvae
(Osmerus mordax). Additionally, this study supplements previous biodiversity studies by using
eDNA in addition to nets to document the fish community. I thus provide new baseline information
on the occurrence and distribution of freshwater, marine, and anadromous species in upper Lake

Melville on which to measure future changes.

33



Chapter 2: Strong water stratification drives the distribution of pelagic
fish in a sub-arctic estuary (Lake Melville, Labrador)

Abstract

Estuaries provide nurseries for juvenile fish that rely on the interaction between fresh- and
saltwater. The 250 km long Lake Melville spans 2100 km? and is the largest estuary of Labrador
(northeastern Canada). This sub-arctic fjard hosts freshwater, anadromous, and marine fishes on
which depend marine mammals and seabirds, but also coastal communities. The recent completion
of a large hydroelectric project on the main affluent of Lake Melville could alter the seasonal flow
of freshwater and, ultimately, fish distribution. Yet, the importance of the low salinity surface layer
as a habitat for fish remains unknown. By pairing seasonal hydroacoustic surveys conducted in
summers 2018-2019 and winters 2019-2020 with net sampling and environmental DNA (eDNA)
analyses, we test the hypothesis that the strong water stratification prevailing in upper Lake
Melville provides a nursery for early life stages of fish, where they are protected from their
predators. Ichthyoplankton aggregated just above and at the pycnocline, in the low salinity surface
layer down to 25 m. Most adult pelagic fish occupied the bottom waters below the sharp
pycnocline, although some ventured in the low salinity surface layer. Ten species of fish were
captured in gill and fyke nets and 53 species were detected with eDNA. Larvae of rainbow smelt
(Osmerus mordax) were ubiquitous in July and August and represented 100% of the
ichthyoplankton assemblage sampled during these months. No fish larvae were detected in winter
(February). We conclude that the low salinity surface layer provides a refuge for rainbow smelt
larvae, a key forage species in the estuary. This study provides baseline information from which

to assess future changes in biodiversity and distribution of fish in the Lake Melville estuary. It
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further supports the use of eDNA as a complementary tool for monitoring fish diversity in sub-

arctic estuaries.

Introduction

Lake Melville is the largest estuary in Labrador (northeastern Canada). By its relatively shallow
and large embayment and its highly stratified water column, it is a typical sub-arctic fjard.
Freshwater, anadromous, and marine species cohabit in the Lake Melville estuary and migratory
fish species, such as Arctic char (Salvelinus alpinus) and Atlantic salmon (Sa/mo salar), use
riverine tributaries for spawning and for juvenile nursery habitats (Backus 1957; McCarthy and
Gosse 2018). Lake Melville was identified as an Ecologically and Biologically Significant Area
(DFO 2013) but, despite its ecological importance, several knowledge gaps subsist on the
biodiversity and seasonal variation of fish distribution in in the estuary. Information on fish
populations is limited to abundance and distribution from net surveys conducted in summer
(McCarthy and Gosse 2018) and, overall, the effects of changes in freshwater inflow on fish

productivity remain poorly documented, especially across seasons (Rytwinski et al. 2020)

The Churchill River is the main tributary of Lake Melville and contributes 60% of the freshwater
inflow. The seasonality of freshwater inflow was strongly modified by the construction of the
Churchill Falls hydroelectric project in 1974, which reduced the natural flow variability and
regulated over 75% of the drainage from the total watershed (Durkalec et al. 2016). These changes
have resulted in a higher discharge in Lake Melville in winter and a lower discharge in late spring
and summer as well as changes in ice formation in winter compared to pre-development (Durkalec

et al. 2016). The additional harnessing of the Churchill River for the second phase of the Churchill
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River hydroelectric development (i.e., the Muskrat Falls project, first freshwater release in winter

2020) could further modify the seasonal freshwater inflow.

The harnessing of sub-arctic rivers results in higher levels of the neurotoxin methylmercury and,
to date, most research on the impacts of the Churchill River hydroelectric development on biota of
the estuary has been dedicated to its bioaccumulation (e.g. Anderson 2011; Schartup et al. 2015).
However, hydroelectric dams have also been attributed to habitat fragmentation and decline in
biodiversity (Wu et al. 2003; Liu et al. 2019b, 2019a). In addition, modifications to the freshwater
inflow can alter life history events as well as initiate behavioural and morphological changes in
estuarine fish (Clarke et al. 2008). Yet, the exact implications of a modified freshwater inflow on

Lake Melville’s marine ecosystem remain unknown.

The distribution of fish in the estuarine environment primarily depends on the local hydrography
and their ontogeny and swimming ability. The latter varies between species, size, and
developmental stages (Tzeng and Wang 1993). Sexually mature fish can modify their distribution
by choosing spawning areas and depths that will increase the fitness of their offspring (Iles and
Sinclair 1982; Grote et al. 2012; Sundby and Kristiansen 2015). Buoyancy varies with temperature
and salinity and strongly affects the vertical distribution and the dispersal of fish eggs (Sundby
1990). Early life stages of most pelagic fish have evolved to adapt their specific gravity and vertical
distribution to remain within the pycnocline; a layer where the water density increases rapidly with
depth (Sundby 1990; Sundby and Kristiansen 2015). Previous studies have also revealed higher
larval species richness and abundance in frontal habitats, such as haline tidal-mixing fronts, with

most larvae remaining close to the surface (Sanchez-Velasco et al. 2012). In Newfoundland, the
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larval dispersal of estuarine rainbow smelt larvae (Osmerus mordax), one of the most abundant
pelagic fish in Lake Melville, is closely linked to the hydrography and seasonal changes in
estuarine inflow and outflow (Bradbury et al. 2006). There, the positive buoyancy and passive
swimming ability of the larvae may explain their surface aggregations above the pycnocline. In
some estuaries, turbidity can also be an important driver of the distribution of early life stages of

fish because it promotes increasing feeding success (Blaber and Blaber 1980).

In summers 2018 and 2019 and winters 2019 and 2020, we surveyed Lake Melville to assess the
biodiversity and seasonal distribution of pelagic fish in relation to its hydrography. Here, we
combine environmental and hydroacoustic data, ichthyoplankton and fish net samples, and water
sampling for environmental DNA (eDNA) to test the hypothesis that the strong water stratification
prevailing in this sub-arctic estuary provides a refuge for early life stages of fish. We further
provide baseline information to assess the impacts of future changes in freshwater inflow and water

stratification on the pelagic ecosystem of the region.

Methods
2.3.1. Study area

Lake Melville is a 250 km long and 2100 km? subarctic estuarine fjard. In contrast to fjords, fjards
are defined by irregular bathymetry and low watershed topographic relief (Kamula et al. 2020).
The maximum depth of Lake Melville reaches 256 m with a mean depth of 84 m (Figure 5). The
Churchill River flows eastward into Lake Melville via Goose Bay and the Goose Bay Narrows
(referred to as the Narrows hereafter) that connects to Lake Melville through a shallow (8m) and
narrow (2.5km) sill. At its eastern end, Groswater Bay connects Lake Melville to nutrient rich

bottom waters from the Labrador Shelf through a narrow (2.8km) sill at the Rigolet Narrows (not
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shown on the map). The 30 m deep sill restricts seawater exchange between Groswater Bay and

Lake Melville (Durkalec et al. 2016).

Lake Melville’s hydrology is characterized by estuarine circulation, where brackish surface waters
from river run off (salinity <10) flow seaward and the bottom saline waters of the Labrador Sea
(salinity ~28) flow landward. The estuary is seasonally ice-covered (December — May) and semi
enclosed with a low-salinity surface layer within the first 10 — 20 m (Bobbitt 1982; Lu et al. 2013).
Stratification of the fresher surface waters and saline bottom waters is more pronounced near the
mouth of the Churchill River and gradually breaks down towards the Labrador Shelf. The steep
halocline persists throughout the year creating a consistent boundary layer between freshwater and

saltwater (Durkalec et al. 2016).

2.3.2. Survey design

To optimize the sampling near the mouth of the Churchill River, the survey was concentrated in
Goose Bay (GB) and the western part of Lake Melville (termed Upper Lake Melville or ULM,
hereafter), from 60° 21.0°W to 59° 36.6’W. In summer, the survey was conducted onboard the
R/V Gecho II from June 30" to July 12" in 2018 and July 4™ to July 14™ in 2019. Summer surveys
were conducted after the appearance of the swim bladder in juvenile rainbow smelt, occurring
within the first 14 days after hatching (Belyanina 1969). The acoustic transects followed a stratified
sampling with systematic samples nested within eastern and western strata (Parker-Stetter et al.
2009; Rudstam et al. 2009) (Figure 5). Surveys were conducted during daylight only. Acoustic
transects were conducted at vessel speeds of 4-6 knots. Environmental data and net samples were

collected at 10 stations distributed from the head of GB towards the western end of ULM. In
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winter, the acoustic and environmental surveys were limited to the fixed stations because complete
ice cover made continuous transects impossible. The location of winter stations differed slightly
from summer stations to avoid dangerous ice conditions (Supplementary Table 1). The study area
was divided into two regions (GB and ULM) divided by the shallowest point (~ 1.5 m) of the
Narrows (60° 2.4°W, 53° 27.0’N to 59° 58.2°W, 53° 24.0’N). Permission to conduct this research
was granted by the Nunatsiavut Government, Innu Nation, and the NunatuKavut Community

Council prior to the first sampling operations.

2.3.3. Environmental data

Conductivity, temperature, and depth (CTD) profiles were collected at each station using a
calibrated CastAway-CTD (summer), a vertical microstructure profiler (Model VMP-250) from
Rockland Scientific International (winter 2019 and 2020) or an RBR Concerto® (winter 2019 and
2020, respectively). Turbidity and Chlorophyll-a (chl-a) data were also collected for all winter
2019 stations using the VMP’s JFE Advantech Co. Fluorescence and Turbidity (JFE-FT) sensor.
The manufacturer’s calibration were used for this sensor and measurements are expressed in
formazine turbidity units (FTU) for turbidity and part per billion (ppb) for chl-a (uranine

reference).

Temperature, salinity, turbidity, and chl-a data were cleaned to omit the first meter of samples and
to only include valid down casts. The conservative temperature (8), the absolute salinity (Sa) and
the density anomaly referenced to the surface (co) were derived using the TEOS-10 toolbox
(McDougall and Barker 2011). The data were then vertically binned (averaged every 25 cm). The

depth of the pycnocline was estimated for each station by calculating the maximum difference in
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water density between two depths and averaged by region (i.e., ULM and GB). These depths were
then used to distinguish the average temperature and salinities for the surface ands bottom layers

(i.e. above/below the pycnocline) for the two regions and for all sampling seasons.

Year-round environmental data were collected by a permanent mooring (53° 22.2°N; 60° 07.4°W;
depth ~ 37 m) equipped with six HOBO TidbiT® v2 temperature loggers spread over the water
column, in addition to a RBR Concerto® CTD and a Sea Bird Scientific ECO-FL Fluorometer
targeting the near surface layer. During the second year of the deployment, a Seabird CTD replaced
the RBR CTD near the surface, and latter was put near the bottom. The mooring was originally
installed on July 2, 2019 and serviced 13-14 October 2020 (the ECO-FL fluorometer stopped
working on September 26, 2020). During the re-deployment of the mooring, a piece of rope near
the bottom-end of the mooring got tangled up with the acoustic release system bringing all
instruments down by 3 m from their targeted depths. The second deployment acquired meaningful

measurements until 4 October 2021.

2.3.4. Acoustics

2.3.4.1. Sampling and processing

Summer acoustic data were collected continuously (~8 h per day) using a multi-frequency
echosounder (Simrad EK60; 38 kHz and 120 kHz) hull mounted on the port side 1 m below R/V
Gecho I1. The ping rate was set to 1 Hz and pulse durations and 3 dB beam angles for each acoustic

transducer are detailed in Supplementary Table 2.

In winter, stationary acoustic data were collected from drilled holes across the sea-ice. In winter
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2019, acoustic data was collected using a Wideband Autonomous Transceiver (WBAT, 38 kHz)
was used and in winter 2020, a portable wideband echosounder system was used (Simrad EKS80;
38 kHz Supplementary Table 2). In both years, transducers were fixed Im below the surface of the
ice and recorded data for 45 minutes at each station. All echosounders were calibrated before or

after each field season using the standard sphere method (Demer et al. 2015).

Acoustic data were processed with Echoview (version 11.1; Echoview Software Pty Ltd.). The top
5Sm below the surface were excluded to eliminate the near-field transducer effects (Ryan et al.
2015) and to reduce the noise created from bubbles in summer. The sounder-detected bottom was
corrected where necessary and a bottom exclusion line was created to eliminate data within 0.5m
from the bottom. The Sy (volume backscattering strength, dB re 1 m™') acoustic echograms were
visually inspected and cleaned using Echoview’s algorithms to remove background noise with a
signal to noise ratio <10 dB, impulse noise, and attenuated noise signals (De Robertis and
Higginbottom 2007; Ryan et al. 2015). Clean acoustic data were integrated into bins 0.50 nmi long
and 1 m deep. As a proxy for abundance of pelagic organisms in both summer and winter, the
Nautical Area Scattering Coefficient (NASC, sa in m? nmi?) was integrated at 38 kHz and 120

kHz (summer only) and exported for post-processing.

To map the spatial distribution of pelagic fish in summer and identify potential hotspots, we kriged
the integrated NASC values using the “krig” function from the R package GSTAT (Pebesma
2004). To achieve normality, the NASC was converted into Nautical area scattering strength (Sa
in dB re 1m? nmi?). Variograms were chosen based on the best fit model (Spherical, Gaussian,

Maternal, or Exponential) using the “fit. Variogram” function from the R GSTAT package (version
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1.3.1056) (Pebesma, 2004). To investigate differences in vertical distribution, we also integrated

and then kriged the Sa values above and below the pycnocline.

T-tests were used to check for significant differences between the mean Sa above and below the
pycnocline and between regions (ULM and GB). Statistical tests were performed using R (version

1.3.1056).

2.3.4.2. Target Strength analyses

Target Strength (TS in dB re 1m?) of single targets at 38 kHz were extracted using Echoview’s
single-echo detection algorithm for split beam echosounders (method 2) with a threshold of -110
dB to include larval fish (Supplementary Table 3A,B). Echoview’s fish tracking algorithm was
then applied to the single target echograms to extract single fish tracks (Supplementary Table 4).
Maximum number of pings between fish tracks were modified to 1 to account for large densities
of schooling fish seen on the echograms. We exported the mean compensated TS and the mean
depth for each single target track. Percentage of total TS of surface to 25 m and below 25 m were
calculated for pooled summers (2018 —2019) and pooled winters (2019 — 2020). Note that winter
TS data come from narrowband in 2019 and from the nominal frequency from wideband signals
in 2020, but that there was no significant difference when comparing both years (F = 1.0636, p-

value = 0.0572).

2.3.5. Fish sampling

In summer, a consistent sound scattering layer (SSL) was present between ~10 and 25 m on the

echograms. At each of the stations, a BONGO net (2 x 28 cm diameters with 335 pm mesh) was
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towed at 2 knots in the SSL for 10 minutes. Samples were filtered through a 120 um sieve. Juvenile
fish species were separated from zooplankton and were fixed in 90% ethanol that was replaced

after the first 24 hours.

Fish monitoring was completed using double bag fyke nets and experimental gillnets deployed in
August 2018 and August — September 2019. All nets were set for 16 hours to include both dusk
and dawn periods when fish are active. Fyke nets sat on the bottom, ranged from 0.5-1.5 m in
height, and were designed to capture small fish (between 40-50 mm in length) in coastal waters no
more than 2 m deep. Experimental gillnets were designed to catch larger fish and consisted of four
50 ft panels (200 ft in total) with mesh size, 27, 3”, 4” and 5”. Gillnets were deployed in shallow
waters no deeper than 5 m. Abundance and biomass in Catch Per Unit Effort (CPUE) were
calculated by dividing the number and weight of each individual species by the net soaking
duration (16 hr). Shannon-Weiner index as calculated for each region (ULM and GB) and year

(2018-2019) except for GB in 2018 when no nets were deployed.

2.3.6. Environmental DNA

2.3.6.1. eDNA collection
Water samples were collected for eDNA analyses during summer 2018. The depth of each sample

varied depending on where the most backscatter was observed on the echosounder. For each
sample, two litres of water were filtered with cellulose nitrate filter membranes with a 0.45-pm
pore diameter. Negative field controls (blanks) using distilled water were completed for every
station. These controls were performed in the same field conditions as the samples and processed
in the same way to estimate potential contamination. After filtering, the filters were kept frozen

and processed in laboratory at Université Laval. Unfortunately, no eDNA analyses were conducted
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1n winter nor summer 2019.

2.3.6.2. eDNA extraction
DNA was extracted using a QIAshredder and DNeasy Blood and Tissue kit (Qiagen) following a

modified manufactured protocol (Goldberg et al. 2011; Spens et al. 2017) Extraction was
performed under a UV hood with all instruments either bleached and/or UV-treated. In all

extraction batch, an extraction control was included to account for possible contamination.

2.3.6.3. Polymerase chain reaction (PCR) amplification and sequencing
eDNA amplification was conducted using MiFish primers (Miya et al. 2015; MiFish-U-F 5'- GTC

GGT AAA ACT CGT GCC AGC-3'" and MiFish-U-R 5'-CAT AGT GGG GTA TCT AAT CCC
AGT TTG-3'). These universal primers target a hypervariable region of the 12S rRNA gene (174
bp) designed specifically to amplify and disentangled at the species level all fishes. A single PCR
reaction was conducted using dual index Illumina barcodes to reduce contamination. Each PCR
reaction was composed of 12.5 ul of MasterMix (Qisgen), 2 pl of each primer (10 uM), 5.5 pul of
diH>0, and 3 ul of DNA sample. PCR was run under the following conditions: 15 min at 95°C, 35
cycles (30 s at 94°C, 90 s at 65°C, 60 s at 72°C) followed by a final extension of 10 min at 72 °C.
For each sample, including extraction control, PCR was done in five replicates that were pooled
after amplification. In addition, a PCR negative control was included for each barcode
combination. PCR products for each sample were pooled and verified on an 1% agarose gel. No
amplification was observed in PCR negative controls. Pooled PCR products were then cleaned
with AxyPrep Mag PCR Clean-Up kit (Corning) and quantified by fluorescence (Accuclear Ultra
High Sensitivity dsDNA Quantification Kit (Biotium)). Samples were then pooled in equimolar

proportion, cleaned and fragment size distribution checked on an Agilent 2100 Bioanalyser (High
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Sensitivity DNA kit). Sequencing was performed on an Illumina Miseq (Illumina, Nextera XT V3)
at the genomic platform of the Institut de Biologie Intégrative et des Systeme (IBIS) at Laval

University (http://www.ibis.ulaval.ca/).

2.3.6.4. Sequence cleaning and annotation
Raw sequencing reads were demultiplexed by the Miseq Control Software. Reads were filtered,

merged, and annotated by the Barque pipeline (v1.5.4) developers by Eric Normandeau in Louis
Bernatchez' Lab (www.github.com/enormandeau/barque). Species identification was performed
using the Mitofish 12S database (Iwasaki et al. 2013), available from the latest BARQUE versions.
A minimum of 97% similarity between the sequences of interest and the database sequences was

required to assign taxonomic identification.

Non-fish sequences and out of range species (defined as species not documented in Eastern North
America) were removed from the analysis. Individual species or sequences attributed to more than
one species with numbers of sequences less than 50 were also removed from the analysis. Stations

were divided into regions (ULM and GB) and in layers above and below the pycnocline.

Results

2.4.1. Environmental parameters

The Goose Bay / Upper Lake Melville ecosystem is characterized by two water density layers
separated by a strong haline stratification across all seasons (Figure 6). The depth of this interface
between the two layers, the pycnocline, vary between seasons and regions (Table 1). In Goose
Bay, the pycnocline was deeper in the summer (10.4 and 12.9 m for both years) compared to the

winter (6 and 7 m). In Upper Lake Melville, the depth of the pycnocline underwent larger
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variations, averaging at 7 and 12 m in the summer and 11 and 10 m in the winter for both years,

respectively.

The Upper Lake Melville was consistently colder and more saline than Goose Bay for both layers
(Table 1). Above the pycnocline a low salinity surface layer (LSSL) was present all year long,
with summer salinities as low as 0.8 g kg™ and 2.4-2.7 g kg'! in Goose Bay and Upper Lake
Melville, respectively. During the winter, the salinity in the LSSL decreased from 2.1 g kg™ to 0.5
g kgl between winter 2019 and 2020 in Goose Bay, and from 10 g kg™ to 4 g kg™ in Upper Lake
Melville, although the latter has large variations (Table 1). In the bottom layer, salinity was much
higher, ranging from 16 g kg'! to 24.4 g kg™ across both regions and seasons. In the context of a
water release from the Muskrat Falls dam in winter 2020, it is worth noting that the bottom salinity

decreased in Goose Bay and increased in Upper Lake Melville between winters 2019 and 2020.

In the summer, the LSSL was consistently warmer (up to 12.9 C in Goose Bay and 13.1 C in Upper
Lake Melville on average) than the bottom layer. The latter was relatively stable in temperature
throughout the seasons (between 1.6 and 2.2'C in Goose Bay and 0.5 and 1.1 C in Upper Lake
Melville). In winter, the temperature of the LSSL was near the freezing point everywhere. The sill
separating Goose Bay from the Upper Lake Melville generally limit the exchanges in the bottom
layer between both regions as suggested by the contrasted properties of the bottom layer described

above (see also Figure 6).

Turbidity and chl-a concentration measurements were available for the top ~20m of the water

column in winter 2019 (Figure 7). The turbidity was higher in the LSSL and lower in the bottom
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waters. It was also higher in Goose Bay than in Upper Lake Melville, which supports existing
literature that have suggested a high turbidity region near the mouth of the Churchill River
(Durkalec et al. 2016). Similarly, the concentration of chl-a in the surface layer were higher in

Goose Bay than in Upper Lake Melville.

The vertical distribution of temperature throughout the water column, as well as the salinity and
chl-a fluorescence at discrete depths were also measured nearly continuously with a mooring near
the mouth of the Churchill River between July 2019 and October 2021 (Figure 8). A warmer
surface layer (<15 m) developed annually between June and November, with weekly averaged
temperature peaking at about 17°C, before decreasing to freezing point in winter (Figure 8A). In
the bottom layer, water temperature remained relatively constant below 4°C throughout the year.
Note that the temperature in the bottom layer was colder (<2°C; darker shades of purple) during
the winter 2020 compared to the winter 2021. This can be explained by the fact that 2021 was a

relatively mild winter in the region (Cyr et al., 2022).

The salinity in the surface layer (measured at 8 m and 11m during both deployments, respectively)
remained between 10-17 g kg' (2019-2020) and 17-19 g kg™' (2020-2021) from the late summer
to the following spring where it rapidly dropped near 0 g kg! at the onset of the spring freshet and
the melting season in late May (Figure 8B). The greater values and weaker variability of the
salinity during the second year is partially explained by the deeper location of the CTD during the

2020-2021 deployment.

Chlorophyll-a concentrations show clear spring blooms occurring in late May in both years (Figure
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8C). These blooms correspond to the rapid freshening of the surface layer discussed above (Figure
8B) and likely associated with sea ice melt and further stratification of the water column. Later in
the year, Chlorophyll-a concentrations slowly decrease from the summer values until the next
spring, although small increase in the fall (i.e. fall blooms in August-September) are visible. Again,
differences in concentration between the two years may be partially explained by differences in

the depth of the sensors.

2.4.2. Vertical and spatial distribution of pelagic fish

In summer, a strong sound scattering layer was consistently observed just above and within a depth
range close to the pycnocline down to 25 m (Figure 9A). Although the pycnocline was present
year-round, the absence of the sound scattering layer in winter (Figure 9B) supports the assumption
that it was mainly of biological origin rather than physical (Figure 9). Moreover, while the
pycnocline was consistently present across the study area, the distribution of backscatter was
patchy, as expected for biological targets. Net sampling within the sound scattering layer
confirmed the occurrence of Rainbow smelt larvae at all stations in summer, which composed
100% of the ichthyoplankton community. Between 13 and 241 Rainbow smelt larvae were caught
at each station, for a total of 770 and 1129 larvae in summer 2018 and 2019, respectively. During
both summer and winter, the echosounder also detected larger fish as scattered targets in the bottom

water layer (Figures 9A, B and 10).

In summer, single targets detected at 38 kHz in the top 25 m had a dominant Target Strength (TS)
mode at -71 dB re 1 m? and a second mode at -52 dB (Figure 10A). Target Strengths below the
pycnocline in summer were also bimodal with the highest rate of occurrence centered at -55 dB re

1 m? and a second, lower, mode at -71 dB re 1 m?. In winter, fewer targets were detected in the top
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25 m where the mode was centered at -56 dB (Figure 10B). Additionally, in winter most targets
were distributed below 25 m and had a TS distribution centered around -56 dB. During both
summer and winter, weaker targets were distributed in the top 25 m and stronger targets were

concentrated in the bottom layer, at depths >25 m.

Investigating target strength per region showed a mode of -69 dB re 1 m? in ULM while in GB
there was a bimodal distribution with peaks at -50 dB re 1 m? and -66 dB re 1 m? in the first 25 m
indicating that smaller targets, such as larval fish, are more abundant in ULM than GB (Figure

11A, B). Below 25 m, both regions had a mode of -55 dB re 1 m?.

In summer, the average backscatter within the LSSL was distributed across the study area and was
similar in Goose Bay and upper Lake Melville in 2018 (t-test, t = -0.59031, df = 2812.6, p-value
= (.555; Figure 7A). However, in 2019 Goose Bay had a higher backscatter in the LSSL than
upper Lake Melville (t-test, t= 13.56, df = 995.57, p-value <0.05). In the bottom layer, the
backscatter was higher in upper Lake Melville than Goose Bay (2018 t-test, t = -54.262, df =
4898.9, p-value < 0.05, 2019 t-test, t = -63.299, df = 5133.5, p-value <0.05) and was concentrated
near the main affluents of upper Lake Melville (i.e. Kenamu and Northwest rivers; Figure 7A).
The trends were similar at 38 and 120 kHz (Figure 7B). In winter, the backscatter was relatively
uniform between LSSL and the bottom layer (2018;t-test, t = 0.44471, df = 9.8218, p-value=0.6,
2019;t=1.7013, df = 9.4426, p-value = 0.1) with no differences in backscatter within Goose Bay

and upper Lake Melville (Figure 12).
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2.4.3. Biodiversity of pelagic fish

A total of 275 adult fish were sampled in the gill and fyke nets between August 11-15, 2018, and
211 were caught between August 19- September 27, 2019 (Table 2). Nine species co-occurred:
Salvelinus fontinalis (Brook trout), Catostomus Catostomus (Longnose sucker), Osmerus mordax
(Rainbow smelt), Microgadus tomcod (Tomcod), Catostomus commersoni (White sucker),
Couesius  plumbeus (Lake chub), Gasterosteus acusleatus (Threespine stickleback),
Pseudopleuronectes americanus (Winter flounder), and Cottidae (mottled, spiny sculpin). All
species were sampled both years except for Winter flounder which were present exclusively in
2018 and sculpin which were present in 2019 only. The most abundant adult fish in the nets in
2018 were White sucker and Longnose sucker in ULM (n= 77 and 59, respectively). In 2019
Longnose sucker was the most abundant in ULM (n= 68) (Table 2). Lake chub, Rainbow smelt,
Three-spine stickleback, and Tomcod were the only species that were found in both GB and ULM
in 2019. Fish diversity measured from net samples was higher in ULM than in GB (Table 3). Note

that fyke and gill nets were not deployed in GB in 2018.

2.4.5. Environmental DNA

A total of 8.38 of the 9.40 million sequences obtained from the Illumina Miseq platform were
annotated to a species by the Barque pipeline. A total of 53 unique species were identified by
eDNA. A total of 53 unique fish species were identified by eDNA, and all species collected in the
nets were also detected by eDNA. Fifty-one species were found in the LSSL (above the
pycnocline), and 44 in bottom waters below the pycnocline. Overall, 31 marine species, 13
freshwater species, and 9 anadromous species were detected (Table 4). Below the pycnocline,

ULM had 42 different species and GB had 22. Overall, 28 marine, 13 freshwater and 9 anadromous
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species were found in ULM. There were 21 marine, 12 freshwater and 8 anadromous species
detected in GB. Freshwater species made up the top 10% of sequences of each species found in
ULM above the pycnocline, while below the pycnocline, the highest number of sequences came
from genus Gadus with the second most being freshwater species. In GB, the greatest number of
sequences above and below the pycnocline came from the genus Gadus, followed by

Pleuronectidae and freshwater species.

Discussion

4.1 The low salinity surface layer and pycnocline of Lake Melville as a habitat for rainbow smelt
larvae

In July and August, rainbow smelt larvae formed a ubiquitous sound scattering layer aggregated
above and in a depth, range related to the sharp pycnocline separating the low salinity surface layer
(LSSL) from the colder and saltier bottom waters. This sound scattering layer was absent in winter,
despite the stratification prevailing year-round in Goose Bay and upper Lake Melville. Very few
small targets, such as fish larvae, were detected in the bottom layer (Figure 9 C,D), and we deduced
that most rainbow smelt larvae remained above and within the pycnocline. The TS mode at -71 dB
prevailing in the LSSL and pycnocline in summer would correspond to a 7.4 mm rainbow smelt,
based on an equation developed for rainbow smelt at 70 and 120 kHz from Rudstram et al. (2003)
(derived from Love, 1977). This is within the size range of the rainbow smelt we sampled (4.9-
13.1 mm with an average of 7.7 mm; Sutton 2022) and supports the assumption that the sound
scatter layer originates from larval rainbow smelt. The TS analysis suggests that most larger fish
remained in the bottom layer (Figure 9). This is supported by eDNA observations from which 57%
of the species detected were purely marine and likely prefer to remain in the bottom waters while

in the estuary. Based on these results and those from a company paper (Sutton 2022), we conclude
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that, in Lake Melville, rainbow smelt larvae hatch in late June - early July at river mouths and
move downstream into the estuary where they remain in the low salinity surface layer (this study)
until they become juveniles at around 90 days post hatch (Sutton 2022). This behaviour is similar
to that from other rainbow smelt populations, for instance on the south east coast of Newfoundland

(Bradbury et al. 2006).

While the pycnocline can represent a physical barrier preventing zooplankton and ichthyoplankton
from crossing water mass boundaries (Ropke et al. 1993), several ecological advantages could also
explain the aggregation of rainbow smelt a the pycnocline. First, the size segregation suggests that
predator avoidance partly drives the distribution of smaller fish in the top layers. Similar
distribution and behavior has been observed near river mouths where negative geotaxis by rainbow
smelt larvae was linked to predator avoidance in natal river systems (Bradbury et al. 2004). Yet,
the occurrence of some targets with a TS mode of -52 dB in the LSSL in summer (Figure 9A)
suggests that some of the larger fish ventured in the top layer, presumably to feed on larval fish
and zooplankton. This would also explain the occurrence of adult fish in the shallow coastal waters,
as seen from the fyke and gill net samples. The low backscatter in the LSSL in winter suggests
that these upward migrations by adult fish are limited to summertime, furthermore, supporting the

idea of a predation behaviour.

Secondly, an abundance of palatable zooplankton at the pycnocline could increase prey encounters
for first feeding larvae and cause the larvae to aggregate at the surface. After hatching in fresh or
brackish areas, rainbow smelt larvae are passively transported towards the surface and start feeding

on Mysis, Daphnids and copepod nauplii just after the resorption of their yolk sack at 7 days old
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(Sirois et al. 1998; Stritzel Thomson et al. 2011). These zooplankton were abundant in the LSSL
and pycnocline in summers 2018 and 2019 (M. Geoffroy, unpublished data). Zooplankton
generally aggregate at the pycnocline because of the consistent density differences of the water
masses (Meerhoff et al. 2013; Geoffroy et al. 2017; Pérez-Santos et al. 2018). Additionally,
zooplankton are generally abundant in estuarine turbidity maximum (ETM) (Blaber and Blaber
1980; Fuji et al. 2010) and our result demonstrate higher turbidity above the pycnocline. By
foraging at the pycnocline rainbow smelt larvae thus increase their feeding success and, ultimately,
larval survival and recruitment (Leggett and Deblois 1994; Pepin et al. 2015). These observations
emphasize the importance of the freshwater surface layer on the distribution of rainbow smelt
larvae. If the changes in seasonal freshwater inflow observed after the lower Churchill
hydroelectric project are exacerbated by the operation of the second phase, it may impact the
distribution and survival of the zooplankton prey. In turn, it could potentially result in a mismatch

between first feeding larvae and the occurrence and distribution of their main prey (Cushing 1990).

In addition to predator-prey interactions, the freshwater refuge hypothesis could partly explain the
aggregation of rainbow smelt above and within the pycnocline. Developed for Arctic cod, this
hypothesis stipulates that for small pelagic fish hatching in cold waters, such as rainbow smelt in
Lake Melville, areas with high freshwater discharge provide a warm thermal refuge for survival
of early life stages (Bouchard and Fortier 2011). A similar situation could be at play in Lake
Melville where the larvae would have better growth and survival rates in the warmer waters
prevailing near the surface from June to October relative to the colder bottom waters below the

pycnocline (Figure 6). These larvae would reach a larger size at the onset of the winter, when ice
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starts forming, which would result in higher recruitment and selectivity for these individuals

(Bouchard and Fortier 2008).

4.2 Fish diversity and distribution

Although we cannot determine relative abundance based on the number of DNA sequences, by
combining the eDNA results and net catches we can make inferences on presence-absence and
diversity (Lodge et al. 2012; Thomsen et al. 2012; Evans et al. 2017). As expected, the highest
number of sequences for freshwater fish, such as longnose sucker (Catostomus catostomus), white
sucker (Catostomus commersoni), and longnose dace (Rhinichthys cataractae), were found above
the pycnocline and the highest number of sequences for marine species, such as American plaice
(Hippoglossoides platessoides), Atlantic cod (Gadus morhua), and Greenland cod (Gadus ogac)
were detected below the pycnocline (Table 4). Yet, the DNA of both freshwater and marine species
were detected throughout the whole water column, likely due to mixing and drifting of biological
tissues via currents (Deiner and Altermatt 2014). Our eDNA results confirmed the presence of 48
species that have previously been documented within Lake Melville and surrounding tributaries
(Backus 1957; McCarthy and Gosse 2018; Wells et al. n.d.). Of these 48 species, 11 have rarely
been observed in the estuary. These species are American sand eel, burbot, herring, fish doctor,
snakeblenny, rock gunnel, Atlantic halibut, Allegheny pearl dace, Atlantic redfish spp., fourline
snakeblenny, and Pacific sandlance. Common dab were regularly detected in our eDNA samples,
but existing literature reports that the species’ northern limit was assumed to be in the Strait of
Belle Isle (Backus 1957). Other species detected with eDNA that were reported for the first time
in Lake Melville comprise blackspotted stickleback, haddock, prickly sculpin, and mountain

whitefish. Although the use of eDNA is not without constraints, our results support previous
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studies which concluded that eDNA is a useful complementary tool for monitoring fish diversity

and species richness in northern estuaries (Berger et al. 2020; Lacoursiére-Roussel et al. 2018).

The net and eDNA data indicate that upper Lake Melville was more biologically diverse, including
freshwater, anadromous and marine species, than Goose Bay. The acoustic survey also detected
higher backscatter in the bottom layer of upper Lake Melville than Goose Bay in summer. The
larger inflow of Atlantic water from the Labrador Sea in upper Lake Melville than in Goose Bay
(Durkalec et al. 2016) likely explains higher abundances of marine fish species. The Atlantic water
inflow could also result in higher abundance of lipid rich copepods, which in turn would attract
fish (Head et al. 2003; Pepin 2013). This hypothesis is supported by the higher acoustic backscatter
at 120 kHz, a frequency at which meso- and macrozooplankton dominate the acoustic signal, in
upper Lake Melville than in Goose Bay. As for the freshwater and anadromous species present in
upper Lake Melville, they may be related to the freshwater inputs from the Northwest and Kenamu
rivers. For example, both rivers are known by residents as prime fishing grounds for salmonids

(Doug Blake, Northwest River, personal communication).

The higher abundance of pelagic organisms in Goose Bay than upper Lake Melville in winter
(Figure 10) is more puzzling. A recreational ice fishery for rainbow smelt occur in Goose Bay
during winter and spring and it is possible that rainbow smelt spawn at the mouths of the Churchill
and Goose rivers. In winter, the salinity of Goose Bay is lower and the freezing point is higher
resulting in higher temperatures (Table 1). Coupled with higher turbidity and primary production
(Figure 7), higher winter temperatures in Goose Bay could provide a better habitat for zooplankton

and fish (North and Houde 2003). Future changes in seasonal river discharge could alter this habitat
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and have consequences on fish distribution and abundance (Blaber and Blaber 1980; North and
Houde 2003; Carassou et al. 2011; Peterson et al. 2013). Further studies should also investigate

the importance of Goose Bay as a winter habitat for estuarine fish.

4.3 Assessing the impact of further river harnessing

This study complements other baseline studies of Lake Melville (Lu et al., 2013; McCarthy et al.,
2015, 2018; Durkalec et al., 2016). Unlike the preceedings, it coincided with the completion of the
second phase of the Churchill River hydroelectric development (i.e., Muskrat Falls) and the first
winter freshwater release in 2020. In this context, the observed 4-fold decrease in Goose Bay
surface salinity between winters 2019 and 2020 is worth noting (Table 1). For the same period, a
little more than a two-fold salinity decrease was also observed in Upper Lake Melville surface
waters, although with large variations. In the bottom layer, an increase in salinity was observed in
Upper Lake Melville in the winter 2020 compared to 2019, which is coherent with increased
estuarine circulation and inland pumping of oceanic waters at depth associated with increased river
discharge (Saucier et al., 2009). The other physical parameters presented in Table 1 (the depth of
the pycnocline and the temperature of both the surface and bottom layers) did not change
significantly between the two years of this study. While it can be hazardous to draw any conclusion
from such a short time period, these observations emphasize the importance of closely monitoring
hyrographic changes in the ecosystem, especially in the context of planned alteration of the natural
debit of the Churchill River. In the light of the findings made here, it was decided to leave the
mooring at the mouth of the Churchill River to start such monitoring, which hopefully can bring

answers to some questions raised in this study.

56



4.4 Conclusions

This study demonstrates that 1) rainbow smelt is one of the most abundant forage fish in Lake
Melville; 2) the distribution of rainbow smelt larvae is closely tied to the physical oceanographic
conditions; and 3) eDNA can be used as a complementary tool to monitor fish diversity in sub-
arctic estuaries. Rainbow smelt were consistently sampled in the ichthyoplankton nets, gill and
fyke nets, and detected in the eDNA samples. The species is known to funnel energy between
zooplankton and top predators such as trout, ringed seals, and seabirds (McCarthy and Gosse 2015,
2018). It is also an important cultural species for local communities and a yearly recreational ice
fishery targets rainbow smelt. The recent completion of the Muskrat Falls hydroelectric project on
the lower Churchill River, the main tributary of Lake Melville, could modify the seasonal inflow
of freshwater. This process could already be underway, with an observed decrease in salinity in
the winter of 2020 compared to 2019. Our results suggest that, as a counterpart, if the freshwater
inflow is reduced in summer it could impact the distribution and, potentially, survival of rainbow
smelt larvae. Given the importance of the species for higher trophic levels, any change in the
abundance and ecology of rainbow smelt will have cascading impacts on the whole ecosystem of
Lake Melville. We thus suggest monitoring the abundance, distribution, and condition of rainbow
smelt as a sentinel species for the ecosystem of Lake Melville. Monitoring fish biodiversity, for

instance using eDNA, would also indicate potential changes in the ecosystem of the estuary.
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Chapter 3: General Conclusions

Because Rainbow smelt are among the most abundant forage fish within Lake Melville, it makes
them a relatively easy species to monitor. In our study adult rainbow smelt were found all
throughout Lake Melville and Goose Bay. Even though, Rainbow smelt are anadromous, there are
no historic reports of Rainbow smelt in the Churchill River and only some observations (~10
individuals) of smelt caught in the lower reaches of Lake Melville and Goose Bay (McCarthy, pers
comm). These occurrences could indicate a limit to their habitat range and emphasize their reliance
on the stratification present in Lake Melville (McCarthy and Gosse 2018). This is also confirmed
by the greater number of specimens caught in Upper Lake Melville (ULM) compared to in Goose
Bay. Higher Rainbow smelt abundance in ULM may be attributed to the higher species diversity

as shown in this study.

We observed a year-round vertical stratification and clearly demonstrated that the distribution of
Rainbow smelt larvae in summer was tied to this stratification. Although it is common to observe
plankton in coastal surface waters, we have verified that the acoustic backscatter observed above
the pycnocline was likely a mix of plankton, larval fish, and some adult fish. The larval fish was
confirmed to be 100% Rainbow smelt while the adult fish were likely to be freshwater tolerant
piscivores feeding on the plankton rich layer. We have also confirmed that the signal was

biological rather than physical (water mass differences) based on the absence of the SSL in winter.
In addition to nets, environmental DNA (eDNA) was used to ground truth the acoustic signal and

provided information on the biodiversity of the fish present within Lake Melville. eDNA has been

used to monitor the biodiversity of fish in other estuaries such as the Saguenay fjord, Canada
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(Berger et al. 2020), and areas within the Canadian arctic such as Churchill and Iqaluit
(Lacoursiere-Roussel et al. 2018). The eDNA analyses detected a total of 56 species, 37 marine
fish species, 12 freshwater species, and 7 anadromous species were detected with the eDNA.
Although we were unable to determine relative abundance with certainty, we can make inferences
on species richness with presence-absence confirmed by net catches (Lodge et al. 2012; Thomsen
et al. 2012; Evans et al. 2017). The abundance of freshwater species detected by eDNA also
emphasizes the degree of freshwater influence to Lake Melville and Goose Bay which can be a

useful tool for future monitoring as the area is subject to anthropogenic changes.

The next steps should be to incorporate standardized practices for ground truthing methods such
as setting net catches in all four seasons, not just summer. It is likely that more seasonal data would
provide a higher degree of data resolution for estimating species diversity and distribution,
specifically for anadromous fish populations that use Lake Melville as a throughfare. It is
recommended that turbidity measurements and chlorophyll-a concentrations be consistently taken
for water quality monitoring and to better infer the degree of primary productivity within the
system. Additional focus on collecting eDNA should also be applied as a non-invasive method for
determining the presence of species. Future studies should also expand the study area to encompass
the lower part of the estuary near Rigolet. Broadening the survey area would help to better quantify
the impact of Atlantic water intrusion on the biodiversity and distribution of fish within the estuary,
especially given the very dynamics currents in the region (Durkalec et al. 2016; Kamula et al.

2017).
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This study provides baseline information on habitat, diversity, and distribution of pelagic fish in
Lake Melville prior to the operation of the second large scale hydroelectric project upstream. The
information presented in this thesis can be used to build on the existing literature and local
knowledge while providing insight for future water management practices within the Lake
Melville system. The results also contribute to the growing body of knowledge on the impacts of
producing renewable hydroelectric energy on estuarine ecosystems and emphasize the importance
of long-term ecological monitoring practices, especially near Indigenous communities that rely on

environmental resources.
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Figures

Figure 1. Stratification-circulation diagram from Hansen and Rattray (1996).

. . op o 8S . .
Fraction of horizontal salt balance by diffusion, - represents the stratification
0
U . . e :
parameter and U—s represents the circulation parameter. When the diffusive fraction (v)
f

equals 1, gravitational convection ceases, and diffusion is entirely responsible for the
upstream salt flux. As v — 0 diffusion becomes less significant, and the upstream salt

flux is caused by gravitational convection.
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Figure 2. Expanded applications based on Hansen and Rattray (1966) (Figure 1) of the adjusted

and extended classification diagram based on the regimes of (Dijkstra and Schuttelaars 2020)
taken from Dijkstra and Schuttelaars (2021). Estuaries are denoted by black dots, lines denote
along-channel stretch of the estuary. The letters indicate: C: Columbia (United States), D:
Delaware (United States), Du: Duwamish (United States), E: Ems (Germany), F: Fraser
(Canada), H: Hudson (United States), J: James (United States) M: Mississippi (United States),
NM: Mersey Narrows (United Kingdom), R: Rotterdam Waterway (branch of the Rhine-Meuse
delta, Netherlands), Sc: Scheldt (Belgium, Netherlands), Sy: Strymon (Greece). Subscripts 1, m,
and h denote low, moderate, and high river discharge. Grey spaces indicated unpermitted or

physically unrealistic solutions.
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Land” and the Lake Melville System including the locations of the Churchill Falls Dam and

Muskrat Falls Dam (yellow stars).
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Figure 4. Schematic from MacLennan and Simmonds (2013) illustrating the acoustic energy
propagating outwards from the transducer (size of 7°). (a) Spherical spreading showing that the
intensity reduces as range increases. (b) This causes the intensity of the point source to follow
the inverse-square law (curve 1). Near-field effect then limits the intensity close to the transducer

face (curve 2).
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Figure 6. Section plots of conservative temperature (0) and absolute salinity (SA) during summers 2018 and 2019 and
winters 2019 and 2020 across Goose Bay (GB; west) and Upper Lake Melville (ULM; east). For each panel, the density
anomaly referenced to surface (c0; in kg m-3) is plotted as solid light gray lines identified in the salinity panels. The
brown shaded polygon represents bottom drawn using the depth at each station determined with acoustics measurements.
The grey dotted lines represent profile stations identified in the top of the salinity panels. White areas indicate the
absence of data. The pycnocline is identified with a dashed-red lines. The separation between Goose Bay (GB) and
Upper Melville Lake (ULM) occurs at the sill near station 5 and is identified in the salinity panel. Note that for winter

2019, a problem with the profiler prevented the presentation of data below ~20m.
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Figure 9. Examples of raw SV echograms at 38 kHz at station 2 during A) summer 2018 as measured
with a hull mounted Simrad EK60; and B) winter 2019 as measured with a Simrad Wideband
Autonomous Transceiver (WBAT). The dashed red lines indicate the sound scattering layer, which in
this case was located between 9 and 15 m. Corresponding temperature (red) and salinity (black) profiles

for station 2 in C) summer 2018 and D) winter 2019.
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Tables

Table 1. Average seasonal pycnocline depth, temperature, and salinity above (surface layer) and below
(bottom waters) the pycnocline in Goose Bay and Upper Lake Melville. The information is divided into

year 1 (2018-2019) and year 2 (2019-2020) of the survey. Standard variation is indicated.

Goose Bay Upper Lake Melville
Summer Winter Summer Winter

Year 1 10.4 (£ 0.8) 71 6.4 (£0.6) 11(£8)
Pycnocline depth (m)

Year 2 12.6 (£ 0.8) 8(x2) 13(+3) 15 (£ 10)

Year 1 104 (£0.4) 0.03 (£0.04) 11.8 (£ 0.1) -0.08 (£ 0.03)
Temp. surface layer (°C)

Year 2 12.0(£0.5) 0.100(£0.1)  9.35(%0.6) -0.3(£0.2)

Year 1 1.00 (£0.8) 2(x2) 2.1(£0.7) 10 (£ 6)
Salinity surface layer

Year 2 0.8 (x£0.9) 1.80 (£ 0.7) 3(£2) 42

Year 1 2.0 (£0.2) 1.6 (£0.7) 0.6 (£0.1) 0.9 (£0.2)
Temperature bottom waters (°C)

Year 2 2.2(£0.2) 2.3 (x£0.7) 1.10 (£ 0.4) 0.7 (£ 0.2)

Year 1 19.9 (£ 0.3) 19 (£2) 24 (1) 18 (£ 6)
Salinity bottom waters

Year 2 19.7(£0.2) 18.2 (£ 0.4) 24 (1) 23(x2)
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Table 2. Mean abundance and biomass in fyke and gill nets

2018 2019
Soeci Abundance Biomass Average Abundance Biomass Average
pecies
CPUE (freq/hr)  CPUE (kg/hr)  length (mm) CPUE (freq/hr) CPUE (kg/hr)  length (mm)
222 215
White sucker 4.8 (n=77) 0.655 1.3 (n=21) 0.174
(£ 23.0) (£ 29.0)
Longnose 183 192
3.7 (n=59) 0.285 4.3 (n=68) 0.387
sucker (£ 44.0) (£ 46.0)
298 185
Brook trout 3.0 (n=47) 0.922 0.6 (n=10) 0.051
(£ 52.0) (£ 45.0)
112 100
Tomcod 2.6 (n=41) 0.0330 2.4 (n=39) 0.0360
(£ 29.0) (£ 49.0)
93.0 86
Lake chub 2.4 (n=39) 0.0240 1.9 (n=30) 0.0150
(£ 13.0) (£ 18)
162 157
Rainbow smelt 0.6 (n=9) 0.207 1.2 (n=20) 0.0430
(£ 42.0) (£ 38.0)
Threespine 54 50
0.1 (n=2) 0.000 1.4 (n=22) 0.00200
stickleback (£ 8.0) (£3.0)
Winter flounder 0.1 (n=1) 0.00700 2 0 0 NA
Sculpin 0 0 B 0.1 (n=1) 0.000 85
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Table 3. Shannon-Weiner diversity Index (H) by region and year calculated from catches in gill and fyke
nets deployed in shallow water (<2m).

Region Year H (Diversity Index)

(n = number of stations)

ULM (n=6) 2018 1.72
ULM (n=9) 2019 1.66
GB (n=1) 2019 1.20
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Table 4 Environmental DNA hits above and below the pycnocline in Upper Lake Melville and Goose Bay divided based on species habitat (blue =
Marine, grey = Freshwater, green = Anadromous).

Upper Lake Melville Goose Bay

Habitat . #of # of # of #of
Species Common Name
sequences  sequences sequences sequences
above below above below
pycnocline = pycnocline = pycnocline = pycnocline




Gadidae Gadus ogac Greenland cod 97 996 433 261

Hippoglossoides

platessoides,

Hippoglossus
Pleuronectidae | Spp. hippoglossus American plaice, Halibut NA NA 224 NA

Hippoglossoides

platessoides,

Hippoglossus

hippoglossus,

Pseudopleuronectes American plaice, Halibut, Winter
Pleuronectidae | Spp. americanus flounder NA NA NA 1616

Hippoglossoides

platessoides, Limanda

ferruginea,

Pseudopleuronectes American plaice, Common dab,
Pleuronectidae | Spp. americanus Winter flounder NA NA NA 864

Hippoglossoides

platessoides, Limanda
Pleuronectidae | Spp. ferruginea American plaice, Common dab NA NA 122 NA

Hippoglossoides

platessoides,

Pseudopleuronectes
Pleuronectidae | spp. americanus American plaice, Winter fllounder 10860 9128 92082 466529
Pleuronectidae | Hippoglossus hippoglossus Halibut NA NA 989 62
Pleuronectidae | Limanda ferruginea Common dab 310 297 381 3359
Stichaeidae Eumesogrammus | praecisus Fourline snakeblenny 65 NA NA NA
Gadidae Boreogadus saida Polar cod 24441 10597 4017 1975

Eumesogrammus

praecisus , Leptoclinus
Stichaeidae Spp.- maculatus Fourline snakeblenny, Daubed shanny 1478 NA 638 NA
Cottidae Gymnocanthus tricuspis Arctic staghorn sculpin 1953 NA 1678 NA
Osmeridae Mallotus villosus Capelin 16300 7455 20097 11384
Zoarcidae Gymnelus viridis Fish doctor NA NA 2301 NA
Cyprinidae Rhinichthys cataractae Longnose dace 57349 41598 21271 1269
Catostomidae Catostomus catostomus Longnose sucker 52834 63485 69073 NA

Freshwater Catolstomidae Catostomus commersoni White sucker : : : 39636 39181 52209 1171

Cottidae Cottus bairdii, cognatus Mottled scuplin, slimy sculpin 40557 53906 61094 987
Salmonidae Prosopium cylindraceum Round whitefish 227 237 161 NA
Lotidae Lota lota Burbot 6652 15777 21259 NA
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Esocidae Esox lucius Northern pike 2587 3476 7388 NA
Cyprinidae Margariscus margarita Allegheny pearl dace 1135 NA 129 NA
Salmonidae Salvelinus namaycush Lake trout 365 NA NA NA
Cyprinidae Couesius plumbeus Lake chub 32909 36930 27299 NA
cylindraceum,
Salmonidae Prosopium williamsoni Round whitefish, Mountain whitefish 2230 3536 1761 NA
Salmonidae Salvelinus fontinalis Brook trout 15436 9582 12529 NA
Gasterosteidae | Gasterosteus aculeatus Three-spined stickleback 35298 48074 23335 3225
Osmeridae Osmerus mordax Rainbow smelt 3183 861 6091 NA
Gasterosteidae | Pungitius pungitius Ninespine stickleback 898 798 NA 643
Salmonidae Salmo salar Atlantic salmon 10612 5967 14016 624
Anadromous Coregonus autumnalis,
Coregonus lavaretus, Arctic cisco, Common whitefish,
Salmonidae Spp. Stenodus leucichthys Sheefish 1084 1240 1627 NA
Merlucciidae Microgadus tomcod Atlantic tomcod 19444 43522 8469 12541
Casterosteidae Gasterosteus wheatlandi Blackspotted stickleback 1127 711 NA NA
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Appendix

Supplementary material
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Supplementary Table 1. Details of all sampling stations.

Station Latitude ("N) Longitude ("W) Summer 2018 Winter 2019 Summer 2019 Winter 2020

1 53°22.353 60° 18.781' X X X X

2 53°23.184 60° 12.550' X X X X

3 53°23.070' 60° 6.089' X X X X

3 53°26.185' 60° 9.878' X (WBAT only)

4 53°24.384' 60° 2.501" X X X

5 53°25.517 59° 59.897' X X

6 53°31.008' 59° 58.258' X X (WBAT only) X X

7 53°33.606' 59° 54.099' X X X

8 53°35.406' 59°49.348' X X X X

9 53°36.375' 59° 46.650' X X

10 53°35.768' 59°43.217 X X X X

11 53°33.024' 59° 38.546' X (WBAT only)
Mooring 53°22.188' 60° 7.392' X X X X
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Supplementary Table 2. Acoustic equipment settings and specifications for summer and winter

surveys.
Frequency
Season / 38 kHz 200 kHz
Transducer Pulse 3dBbeam  Pulse ‘Sejﬁl
length angle length —_—
Summer 2018 o
(EK60) 1.024 6.87 = S
Winter 2019 o
(WBAT) 1.024 18 = =
Summer 2019 o
(EK60) 1.024 7.07 = S
Winter 2020
(EK80 2.048 17.10° 2.048 16.90°
portable)
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Supplementary Table 3a. Parameters of Echoview single-echo detection algorithm for split beam
echosounders (method 2) for summer surveys. A threshold of -110 dB was used.

Parameters Values
Compensated TS threshold (dB) -110.0
Pulse length determination level (dB) 6.0
Minimum normalized pulse length 0.7
Maximum normalized pulse length 1.5
Beam compensation model Simrad LOBE
Maximum beam compensation (dB) 4.0
Maximum standard deviation of minor-axis angles (°) 0.6
Maximum standard deviation of major-axis angles (°) 0.6

Supplementary Table 3b. Parameters of Echoview single-echo detection algorithm for wideband
for winter surveys. A threshold of -110 dB was used.

Parameters Values
Compensated TS threshold (dB) -110.0
Pulse length determination level (dB) 6.0
Minimum normalized pulse length 0.5
Maximum normalized pulse length 1.5
Minimum target separation 0

Beam compensation model Simrad LOBE
Maximum beam compensation (dB) 4.0
Maximum standard deviation of minor-axis angles (°) 0.6
Maximum standard deviation of major-axis angles (°) 0.6
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Supplementary Table 4. Settings of Echoview fish tracking algorithm (fish tracks in Echoview)
used to detect single targets. We tracked targets over 1 ping with no missed detection between

pings.

Parameters Values

Data 4D (range, angles and time)
Weights - Major axis 30

Weights - Minor axis 30

Weights - Range 40

Weights - TS 0

Weights - ping gap 0

Track acceptance — Min. number of single targets in a track 1

Track acceptance — Min. number of pings in track 1

Track acceptance — Max. gap between single targets (pings) 0
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