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 Abstract 

Dynamic winter conditions in northern streams present considerable challenges for 

incubating wild Atlantic salmon (Salmo salar) embryos. How these winter conditions 

affect embryo mortality and development in nature is poorly understood. The goals of 

the present study were to 1) identify abiotic variables associated with the mortality of 

wild salmon embryos and 2) assess the accuracy and precision of embryonic 

developmental prediction methods currently used for conservation and basic research 

purposes. Over two study years (2013-2014 and 2014-2015), embryos were reared in 

artificial redds in five active spawning reaches in the Miramichi River basin and 

mortality was quantified at two sampling events (late March, pre-freshet and late May, 

post-freshet). Through partial least squares regression analyses, 37.6% of the total 

variation in embryo mortality was explained by abiotic predictor variables from five 

continuous measurements of incubation conditions in each reach (water temperature, 

water level, dissolved oxygen, ice conditions, and substrate characteristics). Each of the 

five groups of predictor variables contributed uniformly to the explained variation, 

which suggests that mortality is influenced by multiple interacting abiotic conditions, 

rather than a single variable. Developmental states based on external morphology were 

assigned to live embryos and alevins at various points through the incubation periods. 

Corresponding temperature records were used to calculate predicted developmental 

progression using three temperature-based relative age methods (cumulative degree-

days, effective degree-days, and tau somites). Embryonic development was not observed 

to match any of the prediction methods. However, a linear model fitting effective 

degree-days to assigned developmental state was suggested as a first step to improve 
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predictions. Population-specific adjustments to parameters within the effective degree-

day or tau somite methods and the inclusion of other abiotic variables are recommended. 

Results from the present study support a multi-faceted ecological perspective of 

embryonic mortality and development in nature and may provide a baseline from which 

to measure the impacts of further environmental change. 
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 Atlantic salmon (Salmo salar) is culturally and economically valuable across its 

native range. The species is a celebrated part of Canadian First Nations culture, acting as 

a traditional food source throughout the Maritimes. The recreational salmon fishery in 

New Brunswick alone is estimated to be worth $28.6 million per year (MacIntosh 2001). 

However, populations of Atlantic salmon have suffered from recent declines in many of 

their natal rivers (Hindar et al. 2011). Hypothesized causes of this decline include 

overfishing (Parrish et al. 1998), changing ocean conditions (Parrish et al. 1998), 

intensive aquaculture (Parrish et al. 1998), and habitat loss (Limburg & Waldman 2009), 

though it is likely that multiple factors are acting together at different points in the 

salmon life cycle.  

 The Miramichi River basin in northeastern New Brunswick is well-known for its 

significant spawning runs of Atlantic salmon (DFO 2017). Many of the Miramichi 

River’s tributaries in both the Northwest and Southwest branches serve as important 

spawning grounds and nurseries for juvenile fish, attracting recreational fishermen and 

conservationists alike. Given the relative health of the basin’s salmon populations, the 

tributaries of the Miramichi River provide valuable opportunities to study the ways in 

which the environment naturally affects salmon survival at different life stages. Such 

studies are important baselines from which changes in these relationships due to 

anthropogenic impacts, climate change, etc. may be recognized, quantified, and 

mitigated.  

Atlantic salmon life cycle 

 Atlantic salmon is an anadromous salmonid species found in the temperate and 

subarctic regions of the northern Atlantic Ocean (Thorstad et al. 2011). The life cycle 
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begins in freshwater (Figure 1-1), where juvenile fish establish territories and feed on 

benthic macroinvertebrates, aquatic insects, and some terrestrial invertebrates (Johansen 

et al. 2011) for one to eight years as “parr” (Thorstad et al. 2011). When they prepare to 

migrate to the Atlantic Ocean, parr undergo considerable physiological changes, 

collectively termed “smoltification” (Thorstad et al. 2011). Once in the ocean, they feed 

on a variety of prey species including fish (primarily herring, blue whiting, sand eel, 

capelin, lantern fish, and barracudinas), amphipods, and krill (Rikardsen & Dempson 

2011). After one to five years, mature adult fish return from their marine feeding grounds 

to their natal freshwater streams to spawn (Thorstad et al. 2011). Unlike species of 

Pacific salmon, Atlantic salmon are iteroparous and therefore are able to spawn multiple 

times during their adulthood; individuals may return to their spawning grounds up to 

seven times to spawn, but most return once or twice (Fleming 1996). 

In autumn, when water temperatures drop below 5ºC (Fleming 1996), adults 

gather in small tributaries at the tails of pools and heads of riffles. Female salmon dig 

depressions in the river substrate called “redds”, depositing their eggs in a mound of 

gravel immediately downstream (Figure 1-2; Crisp & Carling 1989). Eggs are fertilized 

by adult male salmon, though approximately 5-40% of them may be fertilized by sexually 

mature juvenile males called “precocious parr” (Fleming 1996). Fertilized embryos are 

buried in the gravel at depths of 10-40 cm, depending on the size of the spawning female 

(Crisp & Carling 1989). In the Miramichi River basin, salmon spawning usually takes 

place in October and early November (Flanagan 2003).  

 Salmon embryos incubate in the river substrate through the winter months 

(Thorstad et al. 2011). Developmental rates are variable, depending mainly on the water 
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temperature in the interstitial gravel incubation environment, called the “hyporheic” zone 

(see Chapter 3). In most streams in the Miramichi River basin, embryos reach the 

loosely defined “eyed” stage (where the majority of eye pigmentation has developed; 

Flanagan 2003) in March. They hatch shortly thereafter, depending on several factors 

including; the timing of spawning (Fleming & Einum 2011), temperature changes (Gray 

1929, Balon 1980, Yamagami 1981, Heggberget & Wallace 1984), oxygen concentration 

(Silver et al. 1963, Garside 1966, Kamler 2002), light intensity (Kwain 1975), and 

additive genetic variation (McIntyre & Blanc 1973, Sato 1980, Beacham 1988). Once 

hatched, the free embryos (called “alevins”) remain in the gravel while absorbing their 

yolk sacs (Fleming & Einum 2011). Exogenous feeding occurs approximately four to six 

weeks after hatching, when yolk sacs are mostly absorbed and fish begin to emerge from 

the gravel (Fleming & Einum 2011). Peak emergence in streams in the Miramichi River 

basin usually occurs in mid-June (Randall 1982, Johnston 1997).  

Embryo incubation in winter 

  The duration of winter incubation represents a period of considerable and 

complex seasonal change within the freshwater nursery streams of eastern Canada. The 

transition from autumn to winter, termed “early winter” by Cunjak et al. (1998), during 

which embryos are deposited and begin developing, is characterized by decreased solar 

input and reduced air and water temperatures (Cunjak et al. 1998). Surface runoff also 

tends to decrease as precipitation falls more often as snow; however, there is variability 

resulting from late-autumn rainfall events (Cunjak et al. 1998). With the reduction in 

surface runoff, river discharge becomes dominated by short-residence (from below the 

snowpack) and long-residence, “warm”, dissolved oxygen-poor (from underground 
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aquifers) groundwater contributions (Cunjak et al. 1998). There is a high degree of spatial 

variability associated with long-residence groundwater intrusion into the hyporheic zone 

(e.g. Culp et al. 2016, Malcolm et al. 2003, 2004, 2005, 2008). In some areas “warm” 

groundwater contribution may be high, which can sustain ice-free sections of the stream 

channel throughout winter (Cunjak et al. 1998). In others, groundwater contribution may 

be negligible, which may cause dewatering events and reductions in available incubation 

habitat (Cunjak et al. 1998). Given the possibility of dewatering at the margins of 

streams, the position of salmon redds at the midstream heads of riffles may be beneficial; 

as river water levels decline and ice begins to form at stream margins, streamflow is 

focused in the channel’s deeper midstream where it continues to deliver oxygen and 

remove metabolic wastes from redds located there (Cunjak et al. 1998, Prowse 2001a).  

 Early winter (as defined by Cunjak et al. 1998) also encompasses the period of ice 

initiation and freeze-up, which begins when water temperatures reach 0ºC. Ice growth 

usually occurs at night, with solar input reducing ice growth rate during the day. In 

turbulent areas of the stream, ice usually forms as small “frazil” particles that adhere to 

one another during slight supercooling events (Cunjak et al. 1998). These frazil particles 

and supercooled water may be driven to the bottom of the stream channel in shallow, 

turbulent areas (e.g. at the heads of riffles) and can form anchor ice (Cunjak et al. 1998). 

Anchor ice often adheres to the gravel substrate and may cover up to 95-100% of the 

streambed (Calkins & Brockett 1988, Whalen 1998), which may cause in situ freezing of 

embryos incubating in the river substrate (Walsh & Calkins 1986) or restrict or eliminate 

water delivery through redds, potentially causing localized declines in dissolved oxygen 

(e.g. Calkins 1989, Power et al. 1993). Anchor ice releases from the gravel only when 
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conditions warm or its buoyancy is sufficient to lift the bed material from the river 

bottom (Cunjak et al. 1998). Subsequent rough, initial surface ice formation can produce 

significant changes in hydrodynamics throughout the stream, often affecting water levels 

in a spatially variable manner (e.g. Prowse 1994).  

 The “midwinter” period is defined by the stabilization of surface ice formation 

and water temperatures near 0ºC, except in streams under the influence of “warm” 

groundwater (Cunjak et al. 1998), where water temperatures may range from 0.5-7ºC 

throughout the winter incubation period (see Chapter 2). In ice-affected streams with full 

surface cover, gas exchange with the atmosphere is reduced (Prowse 2001a), which may 

produce declines in dissolved oxygen concentrations due to biochemical processes 

(respiration and decomposition) that may be exacerbated depending on the level and type 

of groundwater intrusion under the ice (Cunjak et al. 1998). However, anoxia beneath ice 

cover has not been reported in Atlantic salmon rivers (Cunjak et al. 1998). Rather, ice-

affected streams in the Miramichi River basin such as Catamaran Brook and Rocky 

Brook usually remain above 70% saturation during the midwinter period (see Chapter 

2), while streams with long-residence groundwater contributions may range between 20-

70% saturation (see Chapter 2).  

 Temperature regimes during the midwinter embryo incubation period may have 

important consequences for subsequent life events such as hatching and emergence from 

the gravel (Jensen et al. 1991, Einum & Fleming 2000, Steel et al. 2012, see Chapter 3). 

Atlantic salmon are poikilotherms, therefore their metabolic and developmental rates are 

closely related to environmental temperatures. In streams under the influence of long-

residence, “warm” groundwater (0.5-7ºC; see Chapter 2), embryonic development may 
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be accelerated relative to rates in similar but ice-affected, colder streams (0-1.5ºC; see 

Chapter 2). Accelerated metabolic and developmental rates may produce an increased 

oxygen demand which, during the midwinter period, may be difficult to sustain 

depending on the relative contribution of “warm”, dissolved oxygen-poor, long-residence 

groundwater. Accelerated development due to warm temperatures may also result in 

smaller or poorer-quality individuals at later life stages such as hatch or emergence 

(Einum & Fleming 2000).  

 The transition from winter to spring, termed “late winter” or “break-up/warming” 

by Cunjak et al. (1998), begins with increases in air temperature and melting of 

accumulated snow, causing an associated increase in river discharge. Depending on the 

composition of the melting snowpack, stream water quality may change considerably 

since streams may be receiving the allochthonous inputs of an entire season within a few 

days or weeks (Cunjak et al. 1998). Increased surface runoff due to melting usually 

suppresses groundwater contributions to the river, as rising water levels force surface 

water deeper into the river substrate (Cunjak et al. 1998). Surface runoff is often colder 

(close to 0ºC) than groundwater (up to 7ºC, see Chapter 2), which may have impacts on 

the growth and mortality of embryos incubating in the substrate, including “cold shock” 

(Peterson et al. 1977). Even though the temperature of surface water is relatively low 

(close to 0ºC), minor increases (< 0.1ºC) in temperature can cause dramatic thinning and 

weakening of surface ice cover (Cunjak et al. 1998).   

 The two types of ice break-up at the end of winter have different implications for 

incubating embryos and other biota in the stream. Thermal break-up is characterized by a 

steady melting and weakening of the surface ice sheet (Cunjak et al. 1998). When the 
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sheet is dislodged, increases in water level and physical disruption of the channel are 

limited, although some ice jamming may occur (Cunjak et al. 1998). In contrast, dynamic 

break-up typically includes significant spring runoff exacerbated by considerable rainfall. 

Surface ice cover often does not have time to decay and therefore resists the downstream 

flow of meltwater (Cunjak et al. 1998). Thick ice jams and stalls or surges in discharge 

are usually the result, with water levels often exceeding what would be possible under 

open-water conditions (Prowse 2001a). The force of ice and meltwater moving 

downstream can be strong enough to dislodge structures spanning the channel and on the 

banks (Cunjak et al. 1998, anecdotal evidence), move boulders up to 70 kg (Calkins 

1989), and scour redds (e.g. Scrimgeour et al. 1994), subsequently injuring incubating 

embryos and hatched alevins (Montgomery et al. 1996, Cunjak et al. 1998). The force of 

downstream-moving ice and meltwater can also significantly erode stream banks, 

introducing considerable suspended sediment to the channel (Prowse 2001a). Sediment 

loads can be up to several times that for equivalent discharge under open-water 

conditions (e.g. Prowse 1993, Beltaos et al. 1994, Prowse 2001a). The resettling of 

suspended material may have localized consequences for oxygen delivery to or 

entombment of embryos and alevins within the substrate (Scrimgeour et al. 1994), 

depending on the concentrations of fine sands and silt and clay particles (Crisp 1993, 

Greig et al. 2005, Julien & Bergeron 2006).  

 Given the complex and dynamic seasonal changes in the abiotic embryo 

incubation environment through winter, it is evidently a period of considerable potential 

stress in the Atlantic salmon life cycle. However, there has been limited research to 

enhance our understanding of the relationships between environmental variables and 
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embryo mortality and development. In general, winter ecology research in northern 

climates is expensive, time-consuming, and physically challenging, and is therefore given 

minimal emphasis within traditional field ecology sampling regimes. Several researchers 

(e.g. Prowse 2001b, Huusko et al. 2007, Marchand 2013, McMeans et al. 2015, and 

Lavery 2016) have echoed a similar sentiment; though northern winters are not 

“researcher-friendly” seasons (Prowse 2001b), the complexity of environmental change 

to be observed is valuable to our understanding of lotic systems in general. That we know 

so little about the effects of the winter environment on the earliest life stage of Atlantic 

salmon due to the logistical constraints of winter research has likely hindered our 

understanding of the species and by consequence, its effective management and 

protection. This gap in knowledge is particularly concerning when considering that, in 

eastern Canada, winter is expected to be the season most affected by the impacts of 

climate change (Linnasaari & Cunjak 2011, Romero-Lankao et al. 2014).  

Thesis outline 

 With the goal of examining how factors in the abiotic environment potentially 

interact and influence embryo mortality and development of wild Atlantic salmon, this 

thesis is presented in two main chapters (Chapters 2 and 3), followed by a general 

discussion synthesis (Chapter 4) of the thesis as a whole, which discusses the 

conservation and management implications of key results, the applicability of methods 

used, and directions for future research.   

 Chapter 2 addresses the following question: how does variation in the abiotic 

environment of eastern Canadian streams affect the mortality of Atlantic salmon embryos 

during the winter incubation period? Consequently, the objectives of the chapter were 
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three-fold: 1) to measure the variation in key abiotic variables (specifically water 

temperature, water level, dissolved oxygen, ice conditions, and river substrate 

characteristics; identified in the scientific literature as affecting the mortality of Atlantic 

salmon embryos) over the winter incubation period in streams in the Miramichi River 

basin, 2) to measure the mortality of Atlantic salmon embryos in natural incubation 

environments in the Miramichi River basin, and 3) to relate that mortality to variation in 

the abiotic variables.  

 Chapter 3 addresses the following question: what existing relationship best 

describes the natural embryonic development of Atlantic salmon? Consequently, the 

objective of the chapter was to determine the suitability of different methods to predict 

field-reared embryonic development at low temperatures during natural, Canadian 

winters. 
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Figure 1-1. Life cycle of Atlantic salmon (Salmo salar). Illustration originally produced 
by J.O. Pennanen and published by the Atlantic Salmon Federation, reprinted and 
modified with permission. 
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Figure 1-2. Representation of an Atlantic salmon (Salmo salar) redd, demonstrating river 
water flow and egg deposition pockets. Adapted from Crisp & Carling (1989). 
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 Chapter 2:  

Mortality of wild Atlantic salmon (Salmo salar) embryos associated with 

abiotic winter incubation conditions in the Miramichi River basin 
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Introduction 

 For Atlantic salmon (Salmo salar), survival is fraught with challenges - particularly 

during the earliest life stages. Adult salmon return to their freshwater spawning grounds 

in the fall and sculpt small pockets of gravel (redds) in the riverbed for egg deposition 

(Crisp & Carling 1989). Their embryos incubate in these redds through winter, emerging 

as fry in spring to feed exogenously on invertebrates. The subsequent juvenile life stages 

have been extensively studied; however, little research has been conducted on the 

survival from initial fertilization to hatch within the gravel. During this period, immobile 

embryos are unable to escape unsuitable incubation conditions, and consequently may 

fall prey to various aquatic predators or suffer sub-lethal damage that can affect their 

fitness in later life stages (e.g. Ricker 1941, Alderdice et al. 1958, Fox 1978, Johnston et 

al. 2000). An understanding of how conditions in the incubation environment interact to 

affect incubating embryos is vital for improving early life-stage recruitment, especially as 

climate change continues to alter natural environmental and seasonal patterns. 

Hyporheic dynamics 

 The hyporheic (within-gravel) incubation environment in rivers is highly variable 

and can differ substantially from the surface water conditions. For example, fine 

sediments that collect in the gravel have implications for trans-membrane respiration and 

can clog redds, affecting embryo survival (Soulsby et al. 2001, Greig et al. 2005, Louhi et 

al. 2011). Groundwater intrusions can also alter water temperatures, dissolved oxygen 

concentration, and water chemistry in the hyporheic zone, potentially affecting 

embryonic success and fitness in later life stages (e.g. Johnston et al. 2000, Malcolm et al. 

2008). Research by Malcolm et al. (2003, 2004, 2005, 2008), Youngson et al. (2004), 
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Greig et al. (2007), and others has emphasized the importance and complexity of 

hyporheic water quality to Atlantic salmon egg survival in streams in the British Isles 

(e.g. Figure 2-1). However, little research has been conducted regarding the hyporheic 

dynamics of ice-covered eastern Canadian streams and their effects on salmon embryo 

success. Such research is important because the winter conditions in eastern Canada 

differ considerably from those observed in the British Isles. It is also possible that the 

eastern Canadian population of salmon may be differentially affected by hyporheic 

dynamics due to adaptive differences. 

Eastern Canadian winters 

 Eastern Canadian rivers host some of the largest remaining natural Atlantic salmon 

spawning runs in North America (DFO 2017). Atlantic salmon embryos in eastern 

Canadian streams incubate under layers of ice and snow and are therefore at the mercy of 

a suite of environmental conditions that may have important implications for their 

survival.  

 In particular, ice is highly dynamic during the winter incubation period, and can 

have implications for the abiotic environment in which embryos incubate. In early winter 

during ice formation, anchor ice can inhibit hyporheic flow through redds, potentially 

depriving embryos of dissolved oxygen and limiting the removal of metabolic wastes 

(Cunjak & Caissie 1993, Cunjak et al. 1998, Prowse 2001a, Stickler & Alfredsen 2009, 

Nafziger et al. 2011). In winter, ice-affected streams also exhibit water temperatures 

close to 0°C beneath the surface of the ice and into the hyporheic zone, affecting the rate 

of embryonic development (see Chapter 3). During ice breakup, there is potential for 

mechanical damage to embryos due to scour and it may affect interstitial hyporheic flow 
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through redds (Scrimgeour et al. 1994, Cunjak et al. 1998, Prowse & Beltaos 2002). The 

spring freshet produces dynamic changes and increases in river discharge, resulting in a 

high degree of variability in water level and water temperature (Power et al. 1999, Cunjak 

et al. 1998). Suspended sediment load and water chemistry can also drastically change 

during the spring freshet and fine sediment concentrations in the interstitial spaces of the 

hyporheic zone may be dramatically altered (e.g. Prowse 2001b, Scrimgeour et al. 1994). 

The suite of conditions experienced by salmon embryos incubating in eastern Canadian 

streams over winter are considerably different than those experienced by embryos 

incubating in warmer climates.  

Objectives 

 The present study attempts to answer the following question: How does variation 

in the abiotic environment of eastern Canadian streams affect the mortality of Atlantic 

salmon embryos during the winter incubation period? Consequently, the objectives of this 

study were three-fold: 1) to measure the variation in key abiotic variables (previously 

identified in the scientific literature as affecting the mortality of Atlantic salmon 

embryos) over the winter incubation period in streams in the Miramichi River basin, 2) to 

measure the mortality of Atlantic salmon embryos in natural incubation environments in 

the Miramichi River basin (i.e. the mortality that is not derived from human interference 

and handling), and 3) to relate that mortality to variation in the abiotic variables.  
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Methods 

Embryo harvesting 

Wild adult salmon from three stocks (Little Southwest Miramichi River, Rocky 

Brook, and Cains River) were spawned by Miramichi Conservation Centre (MCC) staff 

according to hatchery protocol in a two-by-two cross, such that each female was fertilized 

by at least two males from the same stock (except in one circumstance where the 

collection of enough wild fish was challenging). After water-hardening and disinfection 

with a dilution of Ovadine®, fertilized eggs (embryos) of the same stock were weighed 

out in batches of approximately 3600 embryos, this estimate being based on the average 

of the weights of three batches of 100 embryos. Each batch was placed in a sterile bottle 

filled with hatchery water for transportation to the appropriate study site. Embryo 

transport and planting in the study streams took place over several days, due to 

differences in the ripeness of females from different stocks. The time elapsed between 

fertilization and planting was always ≤ 8 hours. 

Study design 

Field experiments 

In Year 1 (2013-2014), five “reaches” in four streams were selected for study 

(Figure 2-2); Catamaran Brook Lower Reach (CBL; 46º52’41.9”, W 66º06’34.6”), 

Catamaran Brook Gorge Reach (CBG; N 46º51’27.52”, W 66º09’35.23”), Rocky Brook 

at Big Eddy (RB; N 46º42’58.9”,W 66º38’53.9), Little Southwest Miramichi River 

(LSW; N 46º52’47.88”, W 66º06’16.98”), and Otter Brook (OB; N 46º52’39.8”, W 

66º02’12.5”).  In Year 2 (2014-2015), only four reaches were selected; CBL, CBG, RB, 
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and OB. Both reaches of Catamaran Brook (CBL and CBG) as well as RB (all third order 

streams) were affected by ice in winter, exhibiting complete surface ice cover throughout 

the winter period and water temperatures close to 0°C. OB, a second order stream, 

exhibited warmer water (2-7°C) throughout the winter due to considerable long-residence 

groundwater discharge that precluded ice formation. Observations indicated large 

groundwater seeps along both stream banks throughout the year. Catamaran Brook and 

Otter Brook are tributaries of the Little Southwest Miramichi River, while Rocky Brook 

is a tributary of the Southwest Miramichi River. 

In both years, a hierarchical sampling design was implemented within each reach 

(Figure 2-3). Three riffles in each reach were selected based on their substrate suitability 

(Crisp & Carling 1989, Kondolf & Wolman 1993) and previously observed spawning 

activity. At the head of each riffle, six artificial redds were created with depressions 

upstream to simulate natural salmon redd hydrodynamics according to dimensions 

outlined in Crisp & Carling (1989) and Bardonnet & Bagliniere (2000). Two PIT (passive 

integrated transponder) tags were attached to two Jordan Scotty incubator trays that were 

bolted together in duplicate (hereafter referred to as an “incubator”; Figure 2-4) and 

buried in pre-dug, 30 cm deep holes in the tailspill of each artificial redd. Incubators were 

loaded with embryos (n = 200) from stocks specific to the study stream on site and visual 

checks were performed to ensure that each cell of the incubator trays held only one 

embryo. In total, 2400 (6 x 2 x 200) embryos were introduced to each riffle.  

Sampling events 

 The incubators were located and retrieved at one of two sampling events with 

assistance of a portable PIT-tag antenna (Linnansaari et al. 2007); an “early” event (i.e. 
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pre-freshet) in late March at approximately 155 days since fertilization (during the period 

of eye pigmentation; “eyed” stage), or a “late” event (i.e. post-freshet) in late May at 

approximately 215 days since fertilization (shortly after the time the embryos began to 

hatch; “hatch” stage). At the early sampling event, three incubators in each riffle were 

haphazardly selected for retrieval and transported in water-filled coolers to the laboratory 

for examination to prevent freezing streamside. During the late sampling event, the 

remaining three incubators at each riffle were retrieved and sampled streamside. At both 

sampling events, the two trays were treated as replicates within each incubator. Each tray 

was divided into three depth strata representing the top (0-10 cm, n = 62 embryos, 

hereafter referred to as “10 cm”; Figure 2-4a), middle (10-20 cm, n = 76 embryos, 

hereafter referred to as “20 cm”; Figure 2-4b), and bottom (20-30 cm, n = 62 embryos, 

hereafter referred to as “30 cm”; Figure 2-4c) depths measured from the surface of the 

substrate down into the hyporheic zone. Surviving embryos or, in the case of escaped live 

alevins, empty cells were enumerated from each of the depth strata.  

Hatchery controls 

 Immediately upon fertilization, 100 embryos from each cross were set aside in 

sterile wire mesh trays to be incubated at the MCC hatchery in a flow-through trough as 

“institutional” controls. The institutional controls were exposed to limited mechanical 

shock from handling or transportation and were used to examine the baseline cumulative 

mortality of embryos (i.e. mortality observed was assumed to be due to spawning cross 

failure, embryonic defects, potentially non-ideal hatchery conditions over time, etc.). In 

addition, batches of 200 fertilized embryos were transported to and from each study site, 

then set aside for incubation at the MCC hatchery in a flow-through trough as “handling” 



 

 20 

controls, alongside the institutional controls. To isolate the effect of handling, mortality 

observed in the handling controls was normalized with the mortality observed in the 

institutional controls:  

(Equation 2-1)    𝑀"#$%&'$( =
*+
'+
− *-

'-
  

where mh is the number of deceased embryos and/or alevins observed in the handling 

control for a given study reach, ih is the initial number of embryos assigned to the 

handling control for that study reach, mi is number of deceased embryos and/or alevins 

observed in the institutional control for the fish stock used in that study reach, ii is the 

initial number of embryos assigned to the institutional control for that fish stock, and 

Mhandling is the normalized proportional embryo mortality observed in the hatchery-reared 

control for a given study reach that can be associated with handling and transportation. 

Note that the handling controls were exposed to twice the amount of mechanical shock as 

the embryos buried in the artificial redds, since they were transported to and from the 

study site. Therefore, Mhandling was halved to reflect that the impact of handling and 

transportation on mortality observed in the handling control was likely overestimated 

relative to the field-reared embryos.  

Additional batches of embryos from both the institutional and handling control 

groups were incubated in Jordan Scotty incubator trays placed vertically in flow-through 

troughs, to estimate mortality associated with the plastic trays. No significant difference 

in mortality between these “incubator” controls and the other hatchery-reared controls 

was detected in either year of study (t-test, t = 0.71, df = 3, p > 0.25); therefore, Mhandling 

was calculated excluding data from the incubator controls. Cumulative Mhandling observed 

at approximately the same time as appropriate sampling event was then used to isolate the 
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proportion of mortality observed in a given study reach’s field experiments that could be 

associated with the environmental conditions of the reach’s incubation habitat (and not 

with factors associated with handling or transportation) as follows: 

(Equation 2-2)    𝑀.$/ =
*0123 '012(5+6178-19)
'0123 '012(5+6178-19)

  

where menv is the number of deceased embryos and/or alevins observed in the lowest level 

of a given study reach’s experimental design (a given depth stratum of a given incubator 

tray retrieved at a given sampling event; Figure 2-3), ienv is the number of embryos 

originally assigned to that level of the experimental design, Mhandling is the normalized and 

corrected proportional embryo mortality observed in the control for that study reach, and 

Menv is the isolated proportion of embryo mortality observed in that level of the 

experimental design.  

Menv analyses 

Mortality data did not meet assumptions of normality and heteroscedasticity 

(tested by Shapiro-Wilk and Levene’s tests, respectively); therefore, the proportions were 

logit transformed using the “car” package in R (Fox & Weisberg 2011, Warton & Hui 

2011, R Core Team 2015; Appendix I) such that they met the assumptions.  

A two-tailed t-test was performed to determine whether embryos from incubator 

controls reared in the hatchery exhibited significantly different mortality than the other 

hatchery-reared institutional controls. Two-tailed t-tests were also performed to 

investigate differences in embryo mortality between institutional and handling controls 

and between study years.  

 Once isolated using Mhandling (Equation 2-2), Menv data were analyzed across the 

entire study design and within each study year using ANOVA. Due to winter sampling 
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challenges and the resulting unbalanced whole dataset, ANOVAs were performed using 

the “GAD” package in R (R Core Team 2015, Sandrini-Neto & Camargo 2015) on 

balanced datasets from three different levels of the experimental design (across the entire 

dataset, across both sampling events within each year, and within each sampling event 

within each year) so that differences at lower levels of the design might be detected with 

adequate degrees of freedom despite sometimes small sample sizes (Appendix II). 

Tukey’s HSD post-hoc tests were conducted in R (R Core Team 2015) on analyses of 

data from each sampling event within each year.  

Abiotic variables 

 Where instruments were measuring surface water conditions, sensors and probes 

were attached to cinder blocks anchored to the stream banks with PVC-coated braided 

steel cable. The cables were buried in the river bed to reduce snagging onto floating 

debris and ice. Surface water conditions from the appropriate stream reach were assumed 

to approximate the conditions in 10 cm depth stratum of all incubators within that reach. 

Where instruments were directly measuring hyporheic water conditions, sensors and 

probes were either attached to the bottom of incubators or buried alongside incubators at 

a depth of 30 cm below the surface of the substrate. Hence, hyporheic water conditions 

from a specific incubator were assigned to the 30 cm depth stratum of that incubator. The 

20 cm depth stratum of each incubator was assigned the average conditions of the 

relevant surface and hyporheic records. 

 Daily means were plotted for each continuous record of environmental data, and 

the maximums, minimums, and standard deviations were calculated for the durations of 

the incubation period of both sampling events (i.e. ~155 days for the early sampling 
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period and ~215 days for the late sampling period). Variables were extracted from each 

record of environmental data for statistical comparisons with embryo mortality data 

(Table 2-1). Due to equipment constraints, replication of environmental measurements 

within a single site was not possible, which limited the present study’s ability to 

statistically assess temporal and spatial environmental variation.  

Water temperature 

Temperatures of the surface and hyporheic water were measured at 15 minute 

intervals using Vemco Minilog-II-T sensors (published accuracy ±0.1ºC, measured 

maximum error: ±0.056 ºC; Nafziger et al. 2013). The temperature data were corrected 

using a graphical approach whereby the observed residual supercooling temperature was 

set to 0ºC or through laboratory comparison with a Seabird SBE39 (accuracy ±0.002ºC) 

where available, as described by Nafziger et al. (2013). This correction is thought to 

improve the accuracy of all instruments to less than ±0.05ºC, or to the magnitude of 

residual supercooling temperatures (Nafziger et al. 2013). Due to equipment constraints, 

only one hyporheic temperature sensor was deployed in each study riffle (for a total of 

three per study reach); these were assigned to the 30 cm depth strata of all incubators 

within the riffle.  

 From the water temperature records, five variables were extracted (Table 2-1): 

mean incubation temperature (MeanTemp), number of days when the incubation 

temperature was above 0°C (Above0), and number of days when the incubation 

temperature was below 0.01°C (Below0.01). Two measurements of embryonic relative 

age (see Chapter 3) were also extracted; cumulative degree days (CDD) and cumulative 

tau-somites (τs).  
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Water level 

 Water level in each reach was measured at 30 minute intervals using two 

Schlumberger (models DI 501 and 601) pressure transducers (accuracy ±1 cm); one in 

the surface water and one measuring ambient barometric air pressure. Water level for 

each reach was calculated using Diver-Office software and the two records of air and 

water pressure.  

 From the water level records, five variables were extracted (Table 2-1): standard 

deviation of the water level over the incubation period (StDevWaterLvl), frequency of 

water level changes of 10 cm (FreqLvlChg10) and 20 cm (FreqLvlChg20) over the 

incubation period, and the frequency of high (LvlHigh) and low (LvlLow) water levels 

above or below a threshold determined by the mean ± standard deviation over the 

incubation period.  

Dissolved oxygen 

Dissolved oxygen concentration of the surface and hyporheic water in one 

representative riffle in each of two reaches in Year 1 (CBL and OB) and three reaches in 

Year 2 (CBL, OB, and RB) was measured at 15 minute intervals using Aanderaa model 

3835 optodes (CBL and OB; accuracy 0.256 mg/L) with Campbell Scientific CR1000 

data loggers and D-OptoLoggers (RB; accuracy 0.02 mg/L). To capture the irregular 

groundwater influence in the incubation environment and potentially lower pore water 

dissolved oxygen concentrations (Culp et al. 2016), hyporheic sensors were buried 

alongside three incubators at each riffle of interest. In addition, an Onset Hobo U24 

conductivity probe (accuracy ±5 µS/cm) was deployed alongside every Aanderaa optode 
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to corroborate the presence of groundwater influences in the hyporheic incubation 

environment (Malcolm et al. 2004).  

 Hyporheic dissolved oxygen concentrations that represent biological thresholds 

for Atlantic salmon embryo survival are infrequently noted in the scientific literature. 

According to Greig et al. (2007), the critical dissolved oxygen concentration for 

incubating Atlantic salmon embryos is 4 mg/L and they discussed similar reported 

thresholds between 2-5 mg/L from elsewhere in the literature, while Malcolm et al. 

(2003) reported a more conservative threshold of 7.6 mg/L, below which embryonic 

survival was “negligible”. For the purposes of the present study, a threshold of 6 mg/L 

was chosen as a conservative midpoint between the critical thresholds reported in the 

literature.  

 From the records of dissolved oxygen concentration, three variables were 

extracted (Table 2-1): mean dissolved oxygen concentration over the period of 

incubation (DOMean), number of days when the mean dissolved oxygen concentration 

was > 6 mg/L (DOAbove), and number of days when the mean dissolved oxygen 

concentration was < 6 mg/L (DOBelow).  

Ice conditions 

 Reconyx HyperFire PC800 cameras were installed in riparian trees at one 

representative riffle in each reach, such that both banks and all artificial redds at that 

riffle were visible in the field of view. Cameras took a photograph of the relevant riffle 

every 30 minutes, beginning at 12:00 AST on the day of embryo fertilization until 12:00 

AST on the day of the last sampling event. Percent ice cover was estimated according to 

methods outlined in Nafziger et al. (2011) for each day at 13:00 AST, when photographs 
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were clearest. The remaining photographs were examined and, if a novel event occurred 

at another time (such as subsurface anchor ice cover or the mass movement of broken 

ice), percent ice cover was estimated during the peak of the event instead. These novel 

events were assumed to represent the most significant disturbance in the riffle for that day 

and were therefore important to include. Snow and rain events were categorized as binary 

variables when accumulation was noted during examination of the photographs.  

 From the records of ice and precipitation conditions, six variables were extracted 

(Table 2-1): number of anchor ice events (AnchorEvents), number of days where the 

channel was covered by > 95% surface ice cover (FullCover), number of days where the 

channel was free of ice with > 95% open water (OpenWater), number of days with 

rainfall (Rain), number of days with snowfall (Snow), and a binary variable where 1 = 

dynamic ice breakup and 0 = thermal ice breakup (DynVsTherm).  

Substrate characteristics 

 During the early and late sampling events in Year 1, sediment samples were 

collected from retrieved incubators. Immediately upon removal from the substrate, 

incubators were placed in large, clear plastic sediment sample bags. Any sediment that 

subsequently escaped during sampling and mortality enumeration was caught in large 

plastic trays and returned to the sediment sample bag. Upon returning to the laboratory, 

incubators and sediment sample bags were thoroughly rinsed into large plastic containers 

and left to settle overnight. Water was decanted from the samples, and the remaining 

sediment was dried in an oven for 48-72 hours at 70°C. Each sediment sample was 

weighed and shaken through a series of sieves (1000, 500, 250, 125, and 63 µm). The 

remaining sediment in each sieve was weighed and percent composition of each grain 
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size category was calculated as outlined by Wentworth (1922). Additionally, a Wolman 

(1954) pebble count was conducted at each riffle prior to selection for study to determine 

spawning substrate suitability. The sediment composition data were not normally 

distributed, therefore a non-parametric Kruskal-Wallis test was performed in R (R Core 

Team 2015) to assess the differences in sediment composition between reaches and 

sampling events.  

Sediment samples and pebble counts were not performed in Year 2 due to 

sampling constraints and safety concerns; however, there were no discernable changes in 

land use within the sub-catchments of the study reaches between Years 1 and 2 or 

instream habitat composition immediately upstream of study sites. Therefore, erosion and 

sediment transport/deposition was assumed to be consistent between years.  

From the sediment data and pebble counts, three variables were extracted (Table 

2-1): proportion of the sediment sample made up of silt and clay (PerSC) and fine sand 

and very fine sand (PerFines), as well as mean pebble size in mm (PebbleSize).  

Analyses of relationships between abiotic variables and Menv 

 To investigate the relationships between variables, Pearson and point-biserial 

correlations (for binary predictor variables) and simple linear regressions between the 

dependent variable (logit transformed Menv) and each predictor variable (Table 2-1), as 

well as Pearson correlations among the predictor variables were assessed. 

Multicollinearity amongst the abiotic predictor variables (e.g. ice conditions closely 

correlated with mean water temperature, etc.) was of particular interest.  



 

 28 

Partial least squares regression  

 Partial least squares regression (PLSR) allows collinear predictor variables to 

coexist within the analysis by creating linear combinations of the predictor variables 

(components) for use in regression models. This is particularly valuable in ecological 

studies where interactions between groups of predictor variables likely create complex 

relationships between the dependent and predictor variables, and where the arbitrary 

removal of redundant predictor variables in standard multiple regression analyses likely 

oversimplifies these relationships (Amand et al. 2004, Potapova et al. 2004, Carrascal et 

al. 2009, Nash & Chaloud 2011, Fang et al. 2015). Furthermore, Carrascal et al. (2009) 

found that, compared with principal components regression and standard multiple 

regression analyses, PLSR more regularly and correctly identifies the relevant predictor 

variables and their magnitudes of influences, independent of the sample size in the 

analysis.  

 Taking into consideration the high number of collinear predictor variables and the 

limited sets of data available (due to winter sampling challenges, only two study reaches 

have fully realized, complete abiotic datasets over the two study years), PLSR was 

conducted using the “pls” package in R (R Core Team 2015, Mevik et al. 2016). Abiotic 

predictor variables were scaled and centred prior to PLSR analyses (mean = 0, standard 

deviation = 1). Relevant predictor variables and their loading weights were extracted and 

converted to percent contributions of each variable to the PLSR model components, to 

assess their magnitude of influence on the dependent variable (logit transformed Menv).   
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Results 

Embryo Mortality 

Hatchery-reared controls 

 Handling and transport had a pronounced effect on mortality; in both years, 

mortality in the handling controls was significantly higher (t-test, Year 1; t = 2.38, df = 

29, p = 0.02, Year 2; t = 2.11, df = 28, p = 0.04) than in institutional controls by ~20% 

(Figure 2-5 a, b, d, and e), except when considering the Cains River stock specifically, 

which did not show a significant increase in mortality associated with handling stress 

(Figure 2-5b and c). Mortality in both the institutional and handling controls reared at the 

MCC hatchery facility in Year 2 was significantly higher (t-test, institutional; t = 3.85, df 

= 30, p < 0.001, handling; t = 4.80, df = 19, p < 0.001) than in Year 1, where stock-

specific comparisons across years were possible (Figure 2-5a, b, d, and e). Corrected and 

normalized mortality associated with handling (Equation 2-1) was variable across stocks 

and the study reaches to which the embryos were transported (Figure 2-5c and f), 

presumably reflecting the different distances travelled and differences in stock sensitivity 

to mechanical shock from handling and transportation. Mortality tended to increase at the 

end of incubation in most controls (especially in Year 2 controls using Little Southwest 

Miramichi River stock) likely due to hatching, which is often considered a population 

“bottleneck” (e.g. Flanagan 2003; Figure 2-5d, e, and f).     

Menv analyses 

 In an analysis of the entire study design, significant differences were found 

between study reaches (ANOVA, F = 120.65, df = 1, 8, p = 0.008; Appendix II); in 
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general, OB exhibited higher mortality and CBL and RB exhibited lower mortality 

(except at the late sampling event in Year 2; Figure 2-6). 

 In Year 1, mortality between reaches was significantly different (overall; 

ANOVA, F = 112.10, df = 2, 6, p = 0.001, early sampling event; ANOVA, F = 16.21, df 

= 2, 3, p = 0.025, late sampling event; ANOVA, F = 13.76, df = 4, 5, p = 0.007; 

Appendix II). OB mortality was significantly (Tukey’s HSD, p < 0.0001) higher and 

more variable (45.5% ± 24.8%) than CBL (18.9% ± 8.24%) and RB (19.5% ± 13.1%; 

Figure 2-6) at the early sampling event. This pattern was also observed at the late 

sampling event. LSW, sampled only at the late event, showed similar mortality (40.6% ± 

16.9%) to OB (54.6% ± 20.2%), but significantly (Tukey’s HSD, p < 0.01) higher and 

more variable mortality compared with both reaches in Catamaran Brook (CBL; 16.7% ± 

15.2%, CBG; 12.9% ± 7.8%) and RB (25.6% ± 8.6%; Figure 2-6). Overall analyses of 

Year 1 indicated that there were also significant differences in mortality between depths 

(ANOVA, F = 17.20, df = 2, 12, p = 0.003; Appendix II). The 10 cm depth stratum 

exhibited significantly (Tukey’s HSD, p < 0.01) lower mortality than at the 20 or 30 cm 

depth, especially in OB (~30% at 10 cm, ~60% at 20 and 30 cm). 

In Year 2, mortality between reaches was also significantly different in the 

majority of analyses (overall; ANOVA, F = 9.94, df = 2, 6, p = 0.025, early sampling 

event; ANOVA, F = 6.97, df = 3, 8, p = 0.013, late sampling event; ANOVA, F = 4.02, 

df = 3, 4, p = 0.106; Appendix II). As in Year 1, mortality was lowest in RB (7.7% ± 

4.7%) and OB was highest and most variable (41.4% ± 23.3%) at the early sampling 

event (Figure 2-6). Additionally, CBG (37.7% ± 11.5%) exhibited significantly (Tukey’s 

HSD, p < 0.05) higher mortality than CBL (26.1% ± 13.8%; Figure 2-6). At the late 
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sampling event, patterns observed at other sampling events changed; CBL exhibited 

significantly (Tukey’s HSD, p < 0.05) higher mortality (49.9% ± 26.6%) than OB (38.6% 

± 20.1%), but neither were significantly different from CBG (45.4% ± 17.0%; Figure 2-

6). The lowest mortality was observed in RB (8.6% ± 6.3%), which was significantly 

(Tukey’s HSD, p < 0.05) different from all other reaches at the late sampling event 

(Figure 2-6). Overall analyses of Year 2 indicated that there were nearly significant 

differences in mortality between depth strata (ANOVA, F = 4.36, df = 2, 12, p = 0.052; 

Appendix II). The 10 cm depth stratum exhibited lower mortality than the 20 or 30 cm 

depth strata, especially in OB (~45% at 10 cm, ~60% at 20 and 30 cm). 

Abiotic variables 

Water temperature 

 Temperatures of the surface stream water (Figure 2-7) were generally lower and 

more stable through the midwinter period (~50-175 days since fertilization, early 

December-early April) and this was the case in both years. The exception was OB, which 

experienced more variable and warmer (by ~1-2°C) surface water temperatures 

throughout the embryo incubation period. The other reaches experienced midwinter water 

temperatures close to 0°C. Water temperatures in all reaches were more variable, but with 

similar trends, during the cooling phase of early winter (~0-50 days since fertilization) 

and the warming phase of spring (~175-225 days since fertilization). All reaches 

experienced a minor warming event observed in the record of surface water temperature 

at ~60-75 days since fertilization in Year 2 (Figure 2-7b). Hyporheic water temperatures 

(Figure 2-8) were generally more variable day-to-day and ~0.2-0.5°C warmer than 
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surface temperatures through the midwinter period. In OB, mean daily hyporheic 

temperatures were as much as 2-2.5°C (Year 1; Figure 2-8a) or 2-3°C (Year 2; Figure 2-

8b) higher than in other reaches. It took longer for hyporheic temperatures to drop after 

the early winter period in Year 2 (~105 days to stabilize; Figure 2-8b) when compared 

with Year 1 (~75 days to stabilize; Figure 2-8a), with RB maintaining warmer hyporheic 

temperatures for longer in both years than other ice-affected reaches (CBL and CBG). 

Water temperatures experienced by incubating embryos sampled at the early event were 

less variable than those experienced by embryos sampled at the late event in both years 

(Table 2-2).  

Water level 

 Water levels were most variable in all reaches during the transition from early 

winter to midwinter (~0-100 days since fertilization) and during the spring melt (~160-

225 days since fertilization; Figure 2-9). For both years, OB exhibited the least variable 

water levels (Figure 2-9, Table 2-2). In Year 1, water levels were highest through winter 

(~75-170 days since fertilization) in LSW, likely due to the influence of ice dams 

downstream. Spikes in water level in early winter (~80-90 days since fertilization; Figure 

2-9) in Year 1 in CBL co-occurred with a melt period in mid-January noted in the record 

of ice conditions. In Year 2, water levels in ice-affected reaches (RB and especially CBL 

and CBG) were more variable in early winter (~50-100 days since fertilization; Figure 2-

9), during the same period of slow temperature stabilization noted earlier.  

Dissolved oxygen 

 Dissolved oxygen concentrations in OB (~3-12 mg/L) were consistently lower 

than in CBL (~10-14 mg/L) in both years, throughout the incubation period (Figure 2-
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10). Concentrations in CBL remained consistently high, within a narrow range for the 

duration of the incubation period, with increasing variability during the spring melt (~185 

days since fertilization). In contrast, concentrations in OB dropped considerably (to 4 

mg/L) at the beginning of the midwinter period in Year 1 (~40 days since fertilization) 

and remained at relatively moderate (7-9 mg/L) but stable levels until the spring melt 

(~180 days since fertilization) (Figure 2-10a). In Year 2, dissolved oxygen 

concentrations in OB were on average the lowest amongst the three reaches, declining 

abruptly at 25 and 60 days since fertilization, followed by a highly variable pattern of DO 

fluctuations between 6 and 10 mg/L (Figure 2-10b). Compared to Year 1, the onset of 

prolonged low dissolved oxygen concentrations (> 7 days at < 6mg/L) occurred later 

(~125 days since fertilization; Figure 2-10b). Dissolved oxygen concentrations in RB 

(~8-13 mg/L) were highly variable and lower than in CBL but higher than those in OB in 

Year 2 (Figure 2-10b). However, the loggers were dislodged in RB at the beginning of 

the spring melt and data after that point in the incubation period were discarded. Daily 

mean dissolved oxygen concentrations were most variable in RB and least variable in 

CBL (Table 2-2).  

Ice conditions 

 All reaches exhibited 100% surface ice cover through the midwinter period in 

both years, except for OB where surface ice rarely covered more than 30% of the stream 

(Figure 2-11). In Year 1, thermal breakup was observed in CBL and RB, whereas LSW 

experienced considerable broken ice during a dynamic breakup event (Figure 2-11a). In 

the ice-affected reaches (CBL, RB, and CBG), the onset of constant surface ice cover 

occurred earlier in Year 1 than in Year 2 (Figure 2-11b); there was a short period of ice 
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formation followed by a complete melt and breakup in late December 2014 (~55 days 

since fertilization) before ice fully formed in early January 2015 (~75 days since 

fertilization). There were also higher numbers of more extensive (> 20% of channel 

covered) anchor ice events during the complex period of surface ice formation in Year 2. 

At the end of winter in Year 2, CBL and CBG both experienced dynamic breakup events 

complete with broken ice and ice jams (Figure 2-11b) in contrast to the thermal breakups 

observed in the other ice-affected reaches and in Year 1 (Figure 2-11a). Likely due to the 

lack of ice formation and persistence of open water through the majority of the channel, 

OB exhibited the least variation in ice conditions throughout winter in both study years 

(Table 2-2).  

Substrate characteristics 

 Both reaches in Catamaran Brook had the highest mean percent composition of 

substrate samples made up of fine sand and silt and clay (CBL: 10.9% at the early 

sampling event and 8.3% at the late sampling event, CBG; 13.16% at the late sampling 

event) along with LSW (8.43% at the late sampling event), while OB had the lowest 

(4.91% at the early sampling event and 5.13% at the late sampling event; Table 2-3). 

Concentrations of fine sediments did not significantly increase or decrease between the 

early and late sampling events where comparisons were possible (Kruskal-Wallis test, 

total fine sediments; chi-squared = 0.56, df = 1, p = 0.45, silts and clays; chi-squared = 

0.07, df = 1, p = 0.78). The mean pebble size was highest in RB (6.75 cm) and lowest in 

OB (5.37 cm), while CBL (6.50 cm) and CBG (6.02 cm) fell in between (Table 2-3).  
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Assessing relationships between variables 

Correlations and simple linear regressions 

 Many predictor variables were highly correlated with one another (Pearson 

correlations, r > 0.7 or r < -0.7, df = 118-454, p < 0.05), especially between variables 

extracted from the same abiotic parameter (e.g. “ice conditions”, “substrate 

characteristics”, etc.; Figure 2-12). This indicates a high degree of multicollinearity 

amongst the abiotic predictor variables, restricting the applicability of more traditional 

statistical analyses such as multiple regression (Amand et al. 2004, Potapova et al. 2004, 

Carrascal et al. 2009, Nash & Chaloud 2011, Fang et al. 2015).  

Abiotic predictor variables (Table 2-1) that were most strongly positively 

correlated (Pearson correlations, 0.45 > r > 0.3, df = 118-430, p < 0.05) with logit 

transformed Menv included DOBelow and OpenWater (Figure 2-12). The relationship 

between mortality and OpenWater is likely driven by the open water in OB observed 

throughout winter that was coupled with low dissolved oxygen concentrations resulting 

from the influence of long-residence groundwater. This potential bias further restricts the 

applicability of multiple regression techniques, suggesting instead that methods such as 

PLSR, which combine variables into model components, are more appropriate for this 

analysis (Amand et al. 2004, Potapova et al. 2004, Carrascal et al. 2009, Nash & Chaloud 

2011, Fang et al. 2015). Variables that were most strongly negatively correlated (Pearson 

correlations, -0.45 < r < -0.3, df = 118-454, p < 0.05) with logit transformed Menv 

included Below0.01, StDevWaterLvl, FreqLvlChg20, DOMean, DOAbove, 

AnchorEvents, FullCover, PerFines, PerFS, PerVFS, PerSC, and PebbleSize (Figure 2-

12). The correlative relationships between the predictor variables and logit transformed 



 

 36 

Menv were consistent with the results of simple linear regressions (Appendix III) 

performed on the predictor variables and logit transformed Menv.  

PLSR 

 Using a balanced dataset incorporating the entire study design and all 22 abiotic 

predictor variables, PLSR analyses determined that a 13-component model (R2 = 0.3757, 

RMSEP = 1.12; Appendix IV) would best and most efficiently explain 37.6% of the 

variation in logit transformed Menv (out of a maximum possible 38.2% with a 22-

component model; Table 2-4). Out of a total of 37.6% explained variation in logit 

transformed Menv, 8.4% was explained by water temperature variables, 7.4% by water 

level variables, 7.1% by dissolved oxygen variables, 7.2% by ice condition variables, and 

7.5% by substrate characteristics (Figure 2-13a).  

The first two components of the PLSR model explained 22.3% and 4.6% of the 

variation in logit transformed Menv, respectively, for a total of 26.9% (Figure 2-13a). 

Variables extracted from all of the measured abiotic records measured contributed to the 

first PLSR component; water temperature (9.5% contribution), water level (18.2% 

contribution), dissolved oxygen (20.4% contribution), ice conditions (20.7% 

contribution), and substrate characteristics (31.2% contribution; Figure 2-13b). 

Specifically, Below0.01, StDevWaterLvl, FreqLvlChg20, DOMean, DOAbove, 

DOBelow, AnchorEvents, FullCover, OpenWater, PerSC, PerFines, and PebbleSize 

contributed > 2.2% to the first PLSR component, which equates to explaining > 0.5% of 

the total variation in logit transformed Menv (Table 2-4). The main contributors to the 

second PLSR component were predictor variables relating to temperature (41.0% 

contribution), water level (27.3% contribution), and ice conditions (15.8% contribution; 
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Figure 2-13b). Specifically, LvlLow contributed > 10.8% to the second PLSR 

component, which equates to explaining > 0.5% of the total variation in logit transformed 

Menv (Table 2-4).   
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Discussion 

Influence of the abiotic environment 

 The ecology of incubating salmon embryos is highly complex and the 

environmental factors that affect mortality may differ considerably between streams and 

habitats. Only 37.6% of the total variation in natural (environmental) mortality could be 

explained through the analyses in the present study; therefore, 62.4% of the variation 

remains unexplained and likely due to a number of interacting factors that have yet to be 

explored. Note that the measured abiotic variables in the present study contributed 

uniformly to the variation in mortality (water temperature; 8.4%, water level; 7.4%, 

dissolved oxygen; 7.2%, ice conditions; 7.1%, and substrate characteristics; 7.5%).  

 No single variable appeared to act alone to negatively impact incubating salmon 

embryos. Rather, some abiotic conditions that are detrimental to embryos may only be so 

when experienced in combination with multiple stressors, resulting in cumulative 

negative effects. Conversely, incubating embryos may be able to withstand the impact of 

a single unsuitable abiotic condition if the rest of their incubation environment meets 

their biological needs. For example, Greig et al. (2005) showed that the presence of fine 

sediments does not directly impact the survival of salmon embryos, but instead affects the 

delivery of dissolved oxygen to the developing fish. In the present study, CBL had the 

highest dissolved oxygen concentration, a feature which suggests that this reach was 

potentially ideal for incubating embryos (e.g. Malcolm et al. 2003, 2005, 2008). 

However, higher rates of fine sediment intrusion overall and highly variable ice 

conditions in Year 2 may have contributed to the high mortality observed at the late 

sampling event. In contrast, that same year RB exhibited low mortality rates despite 
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highly variable and sometimes low dissolved oxygen concentrations (though not 

necessarily biologically stressful, since published critical thresholds range from 1-7.6 

mg/L; Alderdice et al. 1958, Malcolm et al. 2003, Greig et al. 2007, Casas-Mulet et al. 

2014) and dynamic ice formation and breakup conditions similar to those observed in 

CBL. It is also possible that sources of mortality not measured in the present study such 

as invertebrate (e.g. Claire & Phillips 1968, Fox 1978) and fish predation (e.g. Ricker 

1941) and bacterial, viral, or fungal pathogens (e.g. Evelyn et al. 1984, Thoen et al. 2011) 

contributed to the increased mortality observed in both reaches in Catamaran Brook 

(CBL and CBG) relative to the low mortality observed in RB at the late sampling event in 

Year 2. Furthermore, OB had the lowest amount of fine sediments accumulating in redds 

and the most stable water levels, but prolonged periods of low dissolved oxygen and 

relatively warm water temperatures may have worked synergistically to produce the high 

mortality rates observed at the majority of sampling events.   

 The potential for synergistic effects renders determining which abiotic variables 

are most important to embryonic success difficult. In OB, the higher incubation 

temperatures (from deep groundwater discharge) accelerated embryonic development 

relative to the other ice-affected and colder reaches (see Chapter 3). These higher 

developmental and metabolic rates likely produced an increased demand for biologically 

available oxygen (Alderdice et al. 1958). Coupled with the prolonged period of relatively 

low dissolved oxygen in OB, it is probable that a portion of the high mortality observed 

in the reach was due to physiological asphyxia. This explanation is also supported by the 

significantly lower observed mortality at the 10 cm depth stratum relative to those deeper 

(20-30 cm) in the hyporheic zone in OB. Embryos incubating in deeper sections of 
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incubators in OB were likely exposed to warmer temperatures and lower dissolved 

oxygen conditions consistent with long-residence groundwater intrusion, and therefore 

had more accelerated development and increased oxygen demands that were not met by 

the environmental conditions. In reaches with highly variable water levels and a dynamic 

period of ice breakup likely resulting in high flows, hyporheic incubation temperatures 

may have remained relatively cooler (Hannah et al. 2004), maintaining slow embryonic 

metabolic rates during a potentially stressful period. In CBL, anchor ice events at the 

beginning of Year 2 during a particularly dynamic ice formation period with variable 

water levels and warm hyporheic temperatures and a mechanical ice breakup with ice 

jams (Cunjak et al. 1998, Prowse 2001b, Nafziger et al. 2011) as well as fine sediment 

deposition (Lapointe et al. 2004, Greig et al. 2005, Julien & Bergeron 2006) may have 

produced depleted dissolved oxygen in localized areas, despite the high concentrations 

available in the incubation environment. 

 The length of exposure to unsuitable abiotic conditions or combinations of 

conditions likely plays a role in embryonic success. In RB, in Year 2, dissolved oxygen 

concentrations dropped considerably (from 13 mg/L to 8 mg/L) for short periods (2-5 

days) at the beginning of the incubation period, but mortality rates did not appear to be 

negatively impacted relative to other reaches. This is consistent with Alderdice et al. 

(1958), who found that Pacific salmon exposed to low dissolved oxygen (below air 

saturation) for less than seven days could hatch successfully with minimal negative 

consequences. Embryos incubated under more prolonged periods of low dissolved 

oxygen have shown reduced growth, delayed development, deformities, and mortality 

(Alderdice et al. 1958). In Year 1, it is possible that the higher mortality rates in OB may 
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be attributed in part to the prolonged periods (≥ 30 days) of low dissolved oxygen 

throughout the incubation period.  

Additionally, the timing of exposure to unsuitable conditions may negatively 

impact embryo success. Specifically, embryos may respond to abiotic conditions 

differently at different points in their development. For example, embryos incubating in 

OB experienced the lowest dissolved oxygen concentrations, but the duration of those 

concentrations varied between years. Hayes et al. (1951) found that dissolved oxygen 

requirements increase with the advancement of embryonic development, so the threshold 

used in the present study (6 mg/L) may in reality be different for embryos depending on 

the progression of their development. In Year 2, embryos in OB experienced a shorter 

period of low dissolved oxygen later in their development relative to those in Year 1.  

However, the magnitude of the drop in dissolved oxygen in OB in Year 2 (from 11 mg/L 

to 6 mg/L) was less than in Year 1 (from 12 mg/L to 4.5 mg/L). Therefore, though the 

short period of lower dissolved oxygen may have had a greater unit impact on the more 

developed embryos in Year 2, the prolonged period (≥ 30 days) of low dissolved oxygen 

in Year 1 may have had a similarly negative impact on embryo success in OB, resulting 

in the consistently higher mortality rates observed from that reach across years.  

Additionally, the infiltration of different types of sediments has been shown to 

affect specific developmental stages differently. Julien & Bergeron (2006) found that 

survival to hatch was negatively correlated with coarser sands, whereas survival prior to 

hatch (to pre-eyed and eyed stages) was more closely negatively correlated with silts and 

clays. It is possible that there are other periods of embryonic development that are 

particularly sensitive to certain abiotic conditions that have yet to be described, 
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particularly in ice-affected streams with highly dynamic ice formation and breakup 

periods that introduce a considerable degree of variation in the incubation environment. 

In future studies, focus should be placed on the interactions between environmental 

factors and their effect on embryonic success as well as a detailed investigation of the 

sensitivity of embryos to various abiotic conditions throughout their development. 

Emphasis should also be placed on a multi-faceted investigation of how combinations of 

abiotic conditions can impact yolk-sac absorption and exogenous feeding success, since 

the present study did not assess potential sources of mortality during the critical transition 

period post-hatch (Nislow et al. 2004), especially after incubation in prolonged periods of 

low dissolved oxygen (Hamor & Garside 1977, Bloomer et al. 2016).  

Studying Menv  

While many studies of salmon embryonic success focus on survival to a particular 

developmental stage (see Chapter 3), mortality is also of interest when investigating the 

potential effects of the incubation environment at different points in an embryo’s life 

history. Overall mortality can be partitioned and associated with different sources if 

quantification of total natural mortality is possible and the appropriate controls are 

incorporated into the experimental design.  

Simulating natural incubation conditions 

The Jordan Scotty incubators used in the present study were not found to have a 

significant impact on the mortality of embryos, and the study design attempted to ensure 

that they emulated natural incubation conditions for field-reared embryos. Embryos were 

separated from one another, similar to natural separation of embryos in the interstitial 

spaces of spawning substrate (Crisp & Carling 1989). This ensured that mortality due to 
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fungal infection was limited; Thoen et al. (2011) found that live salmon embryos are 

resilient against infection by Saprolegnia fungi unless they are in direct contact with an 

“infection nucleus” such as a dead embryo or debris. In other styles of incubators, 

embryos are clumped together and can be at risk for mortality that is not associated with 

their incubation environment but rather the mortality of other embryos in close proximity 

(e.g. Flanagan 2003, Malcolm et al. 2004, Casas-Mulet et al. 2014).  

Some natural conditions could not be simulated in the present study. The 

fertilization process was unnatural, with embryos deriving from arbitrarily chosen fish in 

two-by-two crosses, rather than through natural mate choice by females (Fleming 1996, 

Landry et al. 2001). All embryos were treated with Ovadine® prior to incubation 

according to hatchery protocol, limiting their exposure to potentially pathogenic or 

beneficial bacteria in the early stages of development (Liu et al. 2014). The incubators 

also limited the present study’s ability to assess the effects that ice scour and bed 

movement may have on embryo mortality (Montgomery et al. 1996), since scouring 

removed the entire incubator from the substrate and sent it downstream instead of shifting 

the embryos within the redd and causing them mechanical damage. It is possible that the 

methods used to quantify ice conditions in the present study have simplified potentially 

complex relationships, and it is recommended that future studies take a hydrologic 

perspective and focus specifically on the relationship between river ice dynamics and 

embryo mortality. In particular, investigations of the effect of anchor ice on dissolved 

oxygen delivery to incubating embryos is of interest.  
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Quantifying mortality 

In the present study, incubators had “escape holes” through which hatched alevins 

could emerge. To achieve an incubation period that was as natural as possible, these 

escape holes were not blocked or covered with mesh that could affect the interstitial flow, 

delivery of dissolved oxygen, accumulation of fine sediments, and/or removal of 

metabolic wastes. Therefore, when incubators were retrieved (particularly at the late 

sampling event), alevins were free to escape prior to and during sampling. Since live 

alevins could not be reliably quantified, mortality was the only usable measure of 

embryonic success through an enumeration of dead embryos as well as empty incubator 

cells. Empty incubator cells were assumed to be escaped or emerged live alevins, 

however this assumption may have resulted in underestimations of mortality. Pauwels & 

Haines (2011) found that disintegration of dead embryos (resulting in empty cells that do 

not represent successfully hatched alevins) can happen even at temperatures of 1°C. 

However, the rapid and intense colonization of dead embryos by Saprolegnia fungus in 

the Miramichi River basin likely would have left evidence of a dead embryo in the form 

of thick hyphae, even if the embryo itself had disintegrated during the incubation period 

(Thoen et al. 2011).  

In natural incubation conditions, embryos may be consumed by fish (e.g. Ricker 

1941) and benthic macroinvertebrates (e.g. Claire & Phillips 1968, Fox 1978). The 

structure of the incubators in the present study precluded predation by fish as a source of 

embryo mortality, and unpublished data from Lavery et al. suggest that the incubators 

also limit consumption of embryos by macroinvertebrates. Therefore, empty cells were 
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likely not the result of predation, further supporting the assumption that they are instead 

representative of successfully hatched alevins.  

Isolating Menv 

 Results from the present study demonstrate the value of hatchery-reared controls 

for isolating embryo mortality that can be attributed to environmental conditions (Menv). 

Had the handling controls been eliminated from this design, mortality in the field-reared 

embryos may have been overestimated and mistakenly attributed to the quality of the 

incubation environment rather than mechanical shock from transportation to the study 

sites. Krise (2001) noted that mechanical shock during the first six hours after 

fertilization can produce considerable embryo mortality in Atlantic salmon (S. salar), 

which is consistent with findings from Jensen & Alderdice (1983) who recommended 

that handling of coho salmon (Oncorhynchus kisutch) eggs should be limited to within 

the first hour post-fertilization to reduce the chance of mortality due to mechanical shock. 

Limiting the handling of salmon eggs in an ecological study or stocking program to a few 

hours after fertilization is usually difficult or nearly impossible, therefore being able to 

quantify the degree to which human efforts have impacted the embryos is vital to 

achieving a fuller understanding of the magnitude to which other factors may impact 

embryonic success. 

 Variation exists in egg and embryo mortality depending on the success of the 

spawning cross (e.g. Flett et al. 1996), the fitness of the female (e.g. Eriksen et al. 2006, 

Braun et al. 2013, Burton et al. 2013), and the stock or genetic population (e.g. Beacham 

1988, Beacham & Murray 1990, Murray et al. 1990), as evidenced by the institutional 

controls in the present study. Different stocks exhibited varying responses to handling 
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and transportation; embryos from the Cains River stock appeared particularly resilient to 

mechanical shock compared with those from Rocky Brook and the Little Southwest 

Miramichi River stocks. The Little Southwest Miramichi River stock showed the highest 

baseline institutional mortality in Year 2, potentially due to hereditary, stock-specific 

genetic variability or maternal effects mentioned previously. Broodstock fish differed 

between study years, and embryos in Year 2 across both the institutional and handling 

controls exhibited higher mortality than those in Year 1. Had the present study assumed 

that all stocks and spawning crosses performed similarly across years and degrees of 

mechanical shock, mortality in the field-reared embryos may have been over or under-

estimated. Stock-specific and year-specific hatchery-reared controls were integral to 

isolating Menv.  

Conservation implications 

  The protection of spawning and incubation habitat protection should be a priority 

for ecosystem managers and conservationists. Results of the present study suggest that 

the factors contributing to ideal incubation habitats are complex and interconnected, 

however when taken in context with the existing literature they highlight certain 

environmental conditions that can be safeguarded to ensure the best chance of embryonic 

success.  A number of factors highlighted in the present study should be monitored such 

that the potential impact of climate change on developing salmon embryos might be 

assessed. The present study may serve as a baseline from which to quantify changes in 

the associations between embryo mortality and the abiotic environment due to climate 

change.  
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Climate change 

 Air temperatures, which can be closely linked to river water temperatures (Caissie 

et al. 2007, Ormerod 2009) are projected to increase by 3.3-8.5°C in winter by 2080-2099 

(Linnansaari & Cunjak 2011). Warmer winter temperatures may result in increased 

midwinter breakup events, which have been shown to be devastating for incubating 

embryos due to the potential for ice scour (Cunjak et al. 1998, Linnansaari & Cunjak 

2011). However, warmer winter temperatures may also produce reduced ice cover, 

minimizing the impact of such breakup events but potentially increasing the risk of 

predation for incubating embryos near the surface of the hyporheic zone (Linnansaari & 

Cunjak 2011). Reduced ice and snow cover will likely increase winter flows which, 

coupled with potentially mistimed hatching and emergence (see Chapter 3), could 

produce increased mortality from increased episodes of gravel erosion and transport 

(Jensen & Johnsen 1999). Additionally, warmer water temperatures may improve the 

thermal niches of pathogens, putting embryos at risk for infection throughout the winter 

period (Linnansaari & Cunjak 2011).   

Warmer incubation temperatures at shallow incubation depths under the influence 

of surface water (e.g. 10 cm) coupled with low dissolved oxygen concentrations in 

reaches with long residence groundwater intrusion (e.g. OB) could synergistically 

produce higher mortality rates than those observed in the present study. Even in reaches 

where embryos can currently withstand short periods near threshold dissolved oxygen 

concentrations (6 mg/L, e.g. RB), increased temperatures and the associated acceleration 

in embryonic development and increased biological oxygen demand may produce 

stressful conditions for incubating embryos, similar to those observed in OB. In reaches 
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where dissolved oxygen concentrations remain high throughout the winter, embryos may 

still experience sub-lethal effects from increased incubation temperatures, which have 

been shown to affect white muscle development and decrease embryo length at hatch 

(Klinkhardt 1987, Beacham & Murray 1990). Embryos in these reaches may also be at 

risk for the same synergistic dissolved oxygen-temperature dilemma if land use activities 

in the catchment result in increased fine sediment loads that restrict the delivery of 

dissolved oxygen to incubating embryos (e.g. Scrivener & Brownlee 1989). Accelerated 

development may also cause earlier emergence from the gravel, which may be 

advantageous in removing immobile embryos from the highly variable conditions in the 

hyporheic zone. However, earlier emergence may also restrict prey availability for 

juvenile salmon, since the life cycles of their primary food source, benthic 

macroinvertebrates, have been associated with day length rather than temperature (Hynes 

1970).  

Conclusion 

 The present study presents data that highlight the importance of a broad 

ecological perspective, which is evident from this study’s investigation of the 

associations between the abiotic incubation environment and salmon embryo mortality. 

Continued efforts must be made to understand the way abiotic variables interact to affect 

embryonic mortality and development, and how the high degree of variability in the 

environment changes over longer periods of time and with the increasing influence of 

climate change. Given the variability in the environment, it is also vital that continuous 

records of abiotic variables are considered as opposed to point measurements, especially 

when stocking or other conservation decisions are being made about optimal incubation 
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habitats. Culp et al. (2016) have shown that dissolved oxygen concentrations in hyporheic 

water often differs from water column concentrations by ~3 mg/L, so it is recommended 

that continuous records of hyporheic incubation conditions are prioritized. Along with 

environmental measurements, studies of embryonic mortality should be conducted 

regularly into the future so that the magnitude of change due to human activities, climate 

change, or other stressors can be recognized and mitigated. The present study also 

emphasizes the importance of ecological research during winter (see Chapter 1; e.g. 

Prowse 2001b, Huusko et al. 2007, Marchand 2013, McMeans et al. 2015, and Lavery 

2016). That such a dynamic and complex set of environmental factors can have such an 

interactive effect on the earliest life stage of Atlantic salmon is remarkable and that we 

know so little about these relationships due to the logistical constraints of winter research 

has likely hindered our understanding of the species in general and by consequence, its 

effective management and protection.   
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  Table 2-1. Abiotic environmental variables extracted for statistical analyses from five 

records of abiotic environmental data (water temperature in °C, water level in cm, 
dissolved oxygen concentration in mg/L, ice conditions, and spawning substrate 
characteristics) and collected over two years (2013-2014, 2014-2015) from between 2-5 
reaches (CBL, OB, RB, CBG, and/or LSW). References regarding the biological 
relevance of each abiotic variable to Atlantic salmon (Salmo salar) embryo mortality 
during the incubation period are noted. Abbreviations used to refer to variables 
throughout the text are also noted. 
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Table 2-2. Range (minimum and maximum) and standard deviation of the daily means 
of four continuous environmental data records (hyporheic water temperature, water 
level, hyporheic dissolved oxygen, and % surface ice cover) over the winter embryo 
incubation period of Atlantic salmon (Salmo salar) to each of two embryo sampling 
events (early; ~155 days from embryo fertilization and late: ~215 days from embryo 
fertilization) at five study reaches (CBL, OB, RB, CBG, and LSW) in Year 1 (2013-
2014) and four study reaches (CBL, OB, RB, and CBG) in Year 2 (2014-2015). 
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Table 2-3. Mean percent composition of fine sand and very fine sand (Fines: 0.063-0.25 
mm) and silt and clay (< 0.063 mm) by weight present in incubators (n) from five reaches 
in four rivers in Year 1 (2013-2014). Sediment size classes taken from the Wentworth 
(1922) grain size chart. Incubators collected at the early sampling event incubated in river 
substrate from October 2013-March 2014, while incubators collected at the late sampling 
event incubated in river substrate from October 2013-May/June 2014. 
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Table 2-4. Summary of loading weights (W) and percent contribution (%) to each partial 
least squares regression (PLSR) model component (1, 2, 11, 12, and 13) that explains 
>1% of the total variation in the dependent variable (logit transformed Menv) for each 
abiotic predictor variable (fully defined in Table 2-1) included in PLSR analyses using 
data from 3 study reaches (CBL, OB, and RB) over two years (Year 1 and Year 2). R2 
(representing cumulative proportion of variation in logit transformed Menv explained) and 
the root mean squared error of prediction (RMSEP) for the PLSR models as well as the 
percent of total variation in embryo mortality explained by each separate PLSR 
component are reported at the bottom. Percent contributions to each model component 
that equate to an explanation of > 0.5% of the total variation in the dependent variable are 
noted in bold (> 2.2% in component 1, >10.8% in component 2, > 47.2% in component 
11, > 17.4% in component 12, > 11.1% in component 13). All values were extracted 
from PLSR analyses using the “pls” package in R (R Core Team 2015, Mevik et al. 
2016). Components 3-10 are excluded as they explain < 1% of the total variation in the 
dependent variable (loading weights in Appendix IV). 
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Figure 2-1. Conceptual model of salmonid embryo survival after Malcolm et al. (2008). 
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Figure 2-2. Map of a portion of the Miramichi River basin in central New Brunswick. 
Study rivers are indicated in bold blue, and reaches selected for study are indicated as 
yellow points (Catamaran Brook Lower Reach (CBL; N 46º52’41.9”, W 66º06’34.6”), 
Catamaran Brook Gorge Reach (CBG; N 46º51’27.52”, W 66º09’35.23”), Rocky Brook 
at Big Eddy (RB; N 46º42’58.9”,W 66º38’53.9), Otter Brook (OB; N 46º52’39.8”, W 
66º02’12.5”), and Little Southwest Miramichi River at Catamaran Brook (LSW; 
46º52’47.88”, W 66º06’17.98”). Figure courtesy of J. Nafziger. 
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Figure 2-3. Conceptual diagram outlining the hierarchical study design and levels of 
replication implemented over two years (Year 1: 2013-2014, Year 2: 2014-2015). 
Depending on the level of the design at which analyses were performed, between two 
(CBL and OB) and five (CBL, OB, RB, CBG, and LSW) reaches had complete sampling 
data and could therefore be compared to one another. Within each of a reach’s three study 
riffles, six artificial redds were created; three of which were randomly selected for 
sampling at an early event (dark grey; late March, ~155 days since fertilization), while 
the other three were sampled at a late event (dashed outline; late May, ~215 days since 
fertilization). Within each artificial redd, two Jordan Scotty incubator trays were buried 
vertically. Each tray was divided into three depth sections, each containing between 62 
(10 and 30 cm) and 76 (20 cm) fertilized Atlantic salmon (Salmo salar) embryos. 
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Figure 2-4. Examples of the Jordan Scotty incubation containers used in the present 
study. Two hundred Atlantic salmon (Salmo salar) embryos were placed in each tray 
(open half tray shown at right), which were bolted together in duplicate (shown at left) 
and buried vertically to a maximum depth of 30 cm in the study streams. Upon retrieval, 
mortalities were quantified within one of three vertical depth sections; a) 10 cm (0-10 cm 
deep in the substrate, n = 62 embryos), b) 20 cm (10-20 cm deep in the substrate, n = 76 
embryos), and c) 30 cm (20-30 cm deep in the substrate, n = 62 embryos). 
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Figure 2-5. Mean cumulative percent (%) mortality of Atlantic salmon (Salmo salar) 
embryos from three stocks (Cains River, Rocky Brook, and Little Southwest Miramichi 
River) held as controls at the Miramichi Conservation Centre facility over two years 
(Year 1:2013-2014, Year 2: 2014-2015). a) and d) cumulative mortality observed in 
institutional controls (for each stock: nembryos = 50-100, ntrays = 2-12) measuring baseline 
hatchery conditions, b) and e) cumulative mortality observed in handling controls (for 
each stock: nembryos = 50-200, ntrays = 2-8) that travelled to and from one of five reaches in 
Year 1 (CBL, OB, RB, CBG, or LSW) and one of four reaches in Year 2 (CBL, OB, RB, 
or CBG), and c) and f) corrected and normalized mortality (Equation 2-1) representing 
the effect of handling and transport experiencing by embryos reared in field experiments. 
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Figure 2-6. Percent mortality (Menv) of Atlantic salmon (Salmo salar) embryos quantified 
at two sampling events (early: late March, late: late May) over two separate study years 
(Year 1: 2013-2014, Year 2: 2014-2015). Embryos were harvested from wild adult 
salmon and were reared in Jordan Scotty incubator trays buried within artificial redds in 
five reaches: CBL in blue, OB in red, RB in yellow, CBG in green, and LSW in purple. 
Significant differences detected within each sampling event using logit transformed Menv 
(Appendix I) are noted with letters (Tukey’s HSD, p < 0.05). Common lettering between 
sampling events (i.e. at the early event in Year 1 vs. the late event in Year 2) are not 
indicative of significance. 
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Figure 2-7. Mean daily surface (stream) water temperatures (°C) for the entire embryonic 
incubation period over two study years; a) Year 1 (2013-2014) for four study reaches 
(CBL, OB, RB, and LSW – CBG datalogger was lost), and b) Year 2 (2014-2015) for 
four study reaches (CBL, OB, RB, and CBG). Day 0 (time of fertilization, varying by 
stock and year) = ~October 16-28, Day 155 (approximate timing of early sampling event) 
= ~March 20-April 1, and Day 215 (approximate timing of late sampling event) = ~May 
19-31. 

 
 
 
  



 

 61 

 
Figure 2-8. Mean daily hyporheic water temperatures (°C) for the entire embryonic 
incubation period over two study years; a) Year 1 (2013-2014) for five study reaches 
(CBL, OB, RB, CBG, and LSW), and b) Year 2 (2014-2015) for four study reaches 
(CBL, OB, RB, and CBG). Day 0 (time of fertilization, varying by stock and year) = 
~October 16-28, Day 155 (approximate timing of early sampling event) = ~March 20-
April 1, and Day 215 (approximate timing of late sampling event) = ~May 19-31. 
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Figure 2-9. Mean daily water levels (m) and rain (grey x) snowfall (black x) events 
observed in ice photography records for the entire embryonic incubation period over two 
study years; a) Year 1 (2013-2014) for four study reaches (CBL, OB, RB, and LSW – 
CBG datalogger was lost), and b) Year 2 (2014-2015) for four study reaches (CBL, OB, 
RB, and CBG). Day 0 (time of fertilization, varying by stock and year) = ~October 16-
28, Day 155 (approximate timing of early sampling event) = ~March 20-April 1, and Day 
215 (approximate timing of late sampling event) = ~May 19-31. 
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Figure 2-10. Mean daily hyporheic dissolved oxygen concentrations (mg/L) for the entire 
embryonic incubation period over two study years; a) Year 1 (2013-2014) for two study 
reaches (CBL and OB), and b) Year 2 (2014-2015) for three study reaches (CBL, OB, 
and RB). Gaps are due to missing data from datalogger failure. Day 0 (time of 
fertilization, varying by stock and year) = ~October 16-28, Day 155 (approximate timing 
of early sampling event) = ~March 20-April 1, and Day 215 (approximate timing of late 
sampling event) = ~May 19-31. 
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Figure 2-11. Cryographs after Nafziger et al. (2011) representing percent of stream 
channel open or covered by one of four ice types (anchor, broken, inundated, or surface) 
at one representative riffle in; a) Year 1 (2013-2014) in each of four study reaches (CBL, 
OB, RB, and LSW – records from CBG were lost), and b) Year 2 (2014-2015) in each of 
four study reaches (CBL, OB, RB, and CBG). Data were extracted from time-lapse 
photography records. Gaps are due to missing data from camera battery failure. Day 0 
(time of fertilization, varying by stock and year) = ~October 16-28, Day 155 
(approximate timing of early sampling event) = ~March 20-April 1, and Day 215 
(approximate timing of late sampling event) = ~May 19-31.  
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Figure 2-12. Bivariate visualization of relationships amongst the dependent variable 
(logit transformed Menv) and abiotic environmental predictor variables used in subsequent 
statistical analyses (defined in Table 2-1). r values reported in the upper right half of the 
plot are for Pearson correlations, except for relationships with the binary variable 
representing type of ice breakup (DynVsTherm), which was related to other continuous 
variables with point-biserial correlations. Ovals in the lower left half of the plot visually 
present the direction (positive or negative) and strength (wide for weak or narrow for 
strong) of the relationship. 
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Figure 2-13. a) Cumulative percent variation in logit transformed Menv explained by 1, 2, 
11, 12, and 13-component PLSR models (fully defined in Table 2-4). Percent variation in 
logit transformed Menv explained by each model is noted above each bar and is 
compartmentalized by abiotic predictor variable groups (defined in Table 2-1). b) 
Percent contribution of abiotic predictor variable groups to the 1st, 2nd, 11th, 12th, and 13th 
PLSR components. Percent variation in logit transformed Menv explained by each PLSR 
component is noted above each bar. 

 
 
 
 
 
 
  



 

 67 

 Chapter 3:  

Exploring the relationship between winter incubation temperature and 

the embryonic development of wild Atlantic salmon (Salmo salar) in the 

Miramichi River basin 
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Introduction 

 Northern winters represent a period of considerable seasonal change and potential 

stress for many species. The season is often a population “bottleneck” due to various 

stressors such as low prey abundance, low temperatures, harsh weather, and, in aquatic 

systems, challenging ice conditions (e.g. Cunjak et al. 1998, Flanagan 2003, Prowse 

2001b, Marchand 2013). In particular, Atlantic salmon (Salmo salar) embryos incubate 

throughout the winter period in the hyporheic zone of many eastern Canadian rivers, and 

many embryos do not survive to hatch or emergence from the gravel (see Chapter 2). 

Given that Atlantic salmon are poikilotherms, their embryonic development is closely 

associated with temperature, and therefore the time to reach any developmental state or 

“milestone” is longer at lower temperatures. During typical eastern Canadian winters, 

many naturally ice-affected streams experience periods of sustained temperatures of 

0.1°C or lower (e.g. Cunjak et al. 1998, Nafziger et al. 2013). As a result, understanding 

the relationship between temperature and the embryonic development of Atlantic salmon 

in natural systems is challenging, since most of the research has been conducted in 

warmer hatchery and lab settings (e.g. Gunnes 1979, Kane 1988, Vignes & Heland 1995).  

Winter is projected to be the season most affected by the increasing impact of 

climate change in northern climes (Romero-Lankao et al. 2014). Air temperatures are 

projected to increase by 3.3-8.5°C in northern winters by 2080-2099 (Linnansaari & 

Cunjak 2011) and, as noted by Caissie (2006), air temperature and river water 

temperature are closely related. Such an increase in water temperature during the Atlantic 

salmon’s embryonic incubation period may have important implications for the species. 

For example, as incubation temperatures continue to change, developmental progression 
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may be accelerated or delayed relative to what occurs at naturally low temperatures. This 

may result in changes to available food resources, environmental conditions, and 

interspecies competition once alevins hatch and emerge (Jensen et al. 1991, Steel et al. 

2012). Additionally, increased metabolic demands on yolk sac reserves from accelerated 

developmental rates may result in smaller or poorer quality alevins at the particularly 

vulnerable hatch and emergence stages (Einum & Fleming 2000). Therefore, baseline 

knowledge of how natural temperature regimes affect the development of Atlantic 

salmon embryos is vital for the continued monitoring and conservation of the species, so 

that changes in the relationship due to climate change can be recognized and negative 

impacts mitigated.  

 Several researchers have proposed mathematical models to predict the length of 

various developmental periods (most commonly the time from fertilization to hatch) 

based on incubation temperature for Atlantic salmon, as well as several other fall-

spawning, coldwater salmonids (Table 3-1). The form of these equations has ranged from 

hyperbolic (cumulative degree days; e.g. Vignes & Heland 1995, Kamler 2002), modified 

power laws (e.g. Crisp 1981), logarithmic and exponential polynomials (e.g. Beacham & 

Murray 1990), and a modified form of the Arrhenius equation (e.g. Kane 1988). Most 

share a similar reported predictive ability over what might be considered a “normal” 

range of hatchery incubation temperatures (~5-15°C; Moksness et al. 2008), which may 

be similar to hyporheic incubation temperatures in streams with a considerable influence 

from deep groundwater (~5-7°C; see Chapter 2). However, the models diverge in their 

predictions when incubation temperatures approach 0°C, which is more consistent with 
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the hyporheic and surface water incubation temperatures in ice-affected streams (~0-1°C; 

see Chapter 2).  

In comparing the predicted length of time from fertilization to hatch for a range of 

incubation temperatures for several different models developed by researchers (Figure 3-

1, summarized in Table 3-1), the models show some degree of agreement over the 

“normal” range of hatchery incubation temperatures (~5-15°C; Moksness et al. 2008), 

However, there is considerable divergence among the models at incubation temperatures 

< 3°C. In fact, many of the equations are undefined or behave asymptotically at low 

temperatures because, while many of the models closely fit the hatchery or lab data on 

which they were based, there are few data available for incubation temperatures below 

~2°C (Alderdice & Velsen 1978; Crisp 1981, Crisp 1988, Beacham & Murray 1990). The 

models therefore represent potentially inaccurate extrapolations into the colder 

temperature range (Heggberget & Wallace 1984, Kane 1988), and many researchers 

openly acknowledge that there is a lack of rigorous model testing and validation at low 

temperatures (Alderdice & Velsen 1978, Crisp 1981, Crisp 1988, Beacham & Murray 

1990). Given the high hatching success at low temperatures (Kamler 2002) and the 

prevalence of such temperatures in natural Atlantic salmon streams (e.g. Cunjak et al. 

1998, Nafziger et al. 2013), an appropriate model needs to be established.  

A major limitation of some of the existing models is their inability to predict 

embryonic development beyond a limited number of developmental “milestones” (e.g. 

the “eyed” stage, “hatch”, or “emergence” from the gravel and first feeding). Some of 

these milestones are not fixed points in the progression of embryonic development, but 

are malleable and may occur across several periods of development. The “eyed” stage is 
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relatively long and encompasses many different developmental changes (~22%-50% 

development, according to data from Gorodilov 1996 and Annis 2015). Embryos may 

hatch from the chorion at morphologically different developmental states (Gorodilov 

1996) depending on various external environmental factors that are not considered in the 

prediction methods such as temperature changes (Gray 1929, Balon 1980, Yamagami 

1981, Heggberget & Wallace 1984), oxygen concentration (Silver et al. 1963, Garside 

1966, Kamler 2002), light intensity (Kwain 1975), and additive genetic variation 

(McIntyre & Blanc 1973, Sato 1980, Beacham 1988). This limitation affects the 

applicability of the models for researchers, hatchery managers, or conservation groups 

who may want to predict the timing of other developmental states for embryo transport, 

treatment, or stocking purposes.  

A few models provide methods for calculating the relative age (i.e. developmental 

age, as opposed to calendar age) of an embryo, based on the incubation temperature 

history of the embryo. This is particularly helpful because it allows the calculation of 

relative age based on a varying (as opposed to constant) temperature history typical of 

natural incubation environments. To calculate relative age, these models require the 

establishment of a temperature-based continuous “unit” of developmental progression – 

specifically one that lengthens as temperature decreases. Three such units are the degree-

day (the product of temperature and time), the effective degree-day (the product of 

temperature and time over a defined threshold), and the τs (“tau-somite”; the time 

required for a single somite pair to form). Other units of relative age have been used by 

past researchers (see Kamler 2002), some of which were temperature-dependent (e.g. the 
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length of one mitotic cycle), and some were independent of temperature (e.g. the percent 

growth in length or weight to an established maximum).  

The Cumulative Degree-Day Method 

 The most widely used developmental prediction method for salmonids, the 

Cumulative Degree-Day Method, produces relative age values based on simple 

calculations involving water temperature and assumes the rate of development is a 

function of incubation temperature. The equation produces a cumulative degree-day 

(CDD) value as follows: 

(Equation 3-1)  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐴𝑔𝑒	𝑖𝑛	𝐶𝐷𝐷 = 	 𝑇' ∆𝑡
'JKLMKN∆K
'JO  

where i is the summation index; ts is the time of interest (typically the time the sample 

was taken) in days; t0 is the time of fertilization in days; Δt is the time interval over which 

the incubation temperature was averaged in days; and Ti is the average incubation 

temperature over the ith time interval in °C. A CDD value therefore represents an amount 

of thermal energy that the incubating embryo has experienced over its incubation period, 

otherwise described as a heat unit or period of thermal time. The concept of heat units 

was originally proposed by Reaumur (1735) for plants and applied to the embryonic 

development of fish by Wallich (1901). Throughout the literature (including hatchery 

best-practice guidelines and government documents), there are varying reports of which 

CDD values represent specific developmental milestones such as “eyed”, “hatch”, and 

“emergence” (Table 3-2). Overall, there appears to be a trend indicating that the 

beginning of the “eyed” stage of development can be expected to occur once the embryo 

has experienced ~248 CDDs (range reported in literature: 208-280; Table 3-2), and that 

the embryos can be expected to hatch from their chorions at ~489 CDDs (range reported 
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in literature: 434-677; Table 3-2). However, the Cumulative Degree-Day Method lacks 

precision and becomes biased at colder incubation temperatures due to its assumption that 

embryonic development halts when degree-days are not accumulating (Kamler 2002). 

Each day of incubation at temperatures between 0-0.9°C is mathematically represented 

by less than one accumulated degree-day (Equation 3-1). Therefore, if the number of 

degree-days required to reach a developmental milestone (Table 3-2) is assumed to be 

consistent across the entire range of possible incubation temperatures, the synchronous 

hatching and emergence of alevins observed in rivers with different temperature regimes 

(i.e. ice-affected vs. influenced by deep groundwater) would be impossible. Even though 

this problematic assumption does not reflect the reality of the embryonic development, 

the model remains the most pervasive tool for predicting developmental milestones and is 

regularly used in hatchery and aquaculture settings to determine when key procedures 

(i.e. disinfection, treatment with formaldehyde, mechanical shocking, etc.) must be 

performed on the incubating embryos.  

The Effective Degree-Day Method 

 In criticism of the other existing prediction methods, Kamler (2002) proposed a 

variation of the Cumulative Degree-Day Method for predicting relative age, termed 

effective degree-days (CDDeff): 

(Equation 3-2)  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐴𝑔𝑒	𝑖𝑛	𝐶𝐷𝐷.PP = 	 𝑇' − 𝑇Q ∆𝑡
'JKLMKN∆K
'JO  

where i is the summation index; ts is the time of interest (typically the time the sample 

was taken) in days; t0 is the time of fertilization in days; Δt is the time interval over which 

the incubation temperature was averaged in days; Ti is the average incubation 

temperature over the ith time interval in °C; and T0 is the lower limit to thermal growth in 
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°C (which is assumed to be 0°C for S. salar when using the Cumulative Degree-Day 

Method, and is therefore eliminated from Equation 3-1). To calculate using the Effective 

Degree-Day Method, Kamler (2002) used a value of -1.7°C for T0 (Ryzkhov 1976, in 

Kamler 2002) such that CDDeff accumulate even when incubation temperatures approach 

0°C, in contrast to the Cumulative Degree-Day Method. Though it is unlikely that 

fertilized Atlantic salmon embryos would be naturally incubating at temperatures of         

-1.7°C in the hyporheic zone of freshwater streams in winter, Harvey & Ashwood-Smith 

(1982) report -1.7°C as the approximate freezing point of unfertilized salmonid eggs. 

Kamler (2002) noted that hatching success of fertilized salmonid embryos has not been 

studied at temperatures < 0°C; however, they used evidence of high hatching rates at 

temperatures close to 0°C as rationale for using a negative value for T0. The Effective 

Degree-Day Method therefore retains the straightforward nature of the Cumulative 

Degree-Day Method and the assumption that the rate of development is a function of 

incubation temperature; however, it reduces bias at the cold incubation temperatures 

since it does not assume that embryonic development stops at 0°C, but rather at -1.7°C 

(Kamler 2002).  

The Tau-Somite Method 

 Gorodilov (1996) proposed an alternative “unit” of ontogenetic advancement for 

Atlantic salmon, the “tau-somite” (τs); the length of time to form one somite pair (paired 

blocks of paraxial mesoderm along the spine) during somitogenesis. He demonstrated 

that somite pairs form at a steady rate given a constant temperature in poikilothermic 

vertebrates (Gorodilov 2010), and that their formation time is a consistent, well-defined 
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function of incubation temperatures between 0-13°C. The τs value provides a 

temperature- and time-based unit of relative age that expands or contracts (with respect to 

calendar time) with colder or warmer incubation temperatures, respectively. Relative ages 

may be calculated as follows (Gorodilov 1996):  

(Equation 3-3)  𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐴𝑔𝑒	𝑖𝑛	𝜏S	𝑢𝑛𝑖𝑡𝑠 =
OVVQ

		OQ	WX6Y-XZY-
[

'J
KLMKN
∆K

'JO
   

where i is the summation index; ts is the time of interest (typically the time the sample 

was taken) in days; t0 is the time of fertilization in days; Δt is the time interval over which 

the incubation temperature was averaged in days; and Ti is the average incubation 

temperature over the ith time interval in °C; 1440 is the conversion factor between 

minutes and days; and C, a, and b are parameters (C = 3.0984, a = -0.0967, b = 0.00207). 

Relative age in τs is expressed in minutes. Gorodilov (1996) also provided detailed 

morphological descriptions of > 100 developmental states of Atlantic salmon embryos 

and provided a relative age in τs units for each state. As an extension of Gorodilov’s 

work, Annis (2015) produced a reduced description of 26 developmental states based on 

external morphological features that could be readily identified under a dissecting 

microscope (Appendix V). Annis (2015) also provided a range of relative ages in τs for 

each state based on those assigned by Gorodilov (1996; Table 3-3). Therefore, it is 

possible that the Tau-Somite Method, while more complicated than the two Degree-Day 

methods, may better predict specific developmental states of Atlantic salmon. This is 

because Gorodilov’s (1996) detailed examination of Atlantic salmon ontogeny is directly 

associated with relative ages in τs that can be calculated given specific incubation 

temperatures. Such detailed information and possibly increased predictive precision and 
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accuracy could be valuable for hatchery managers, researchers, and conservationists, and 

may offer a reasonable representation of the relationship between embryonic 

development and the incubation temperatures that are more common in eastern Canadian 

rivers (i.e. those close to 0°C). 

Objectives 

The present study attempts to answer the following question: What existing 

relationship best describes the natural embryonic development of Atlantic salmon? 

Consequently, the objective of the present study was to determine the suitability of 

different methods to predict field-reared embryonic development at low temperatures 

during natural, Canadian winters. Since many of the existing prediction models are 

limited in their ability to predict developmental progression, this study only considered 

models which use developmental “units”; the Cumulative Degree-Day Method, the 

Effective Degree-Day Method, and the Tau-Somite Method. These methods have the 

potential to calculate predictions of embryonic development continuously (i.e. relative 

age), rather than only milestone events. Such methods are, consequently, more useful 

when attempting to explore and understand the relationship between embryonic 

development and natural incubation temperatures in eastern Canadian rivers.  
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Methods  

Embryo incubation 

In Years 1 and 2 (2013-2014 and 2014-2015), four reaches exhibiting natural flow 

regimes were selected for study (Figure 2-2 in Chapter 2); Catamaran Brook Lower 

Reach (CBL), Catamaran Brook Gorge Reach (CBG), Rocky Brook at Big Eddy (RB), 

and Otter Brook (OB). Both reaches of Catamaran Brook (CBL and CBG), as well as RB, 

were affected by ice in winter, exhibiting complete surface ice cover throughout the 

winter period and water temperatures close to 0°C (see Chapter 2). Otter Brook 

exhibited warmer water (~2-7°C) throughout the winter due to a considerable, but 

spatially variable groundwater influence that precluded ice formation. In the upstream 

portions of the reach, groundwater intrusion was obvious from large, year-round seeps 

along both stream banks (hereafter referred to as the groundwater “seep” area). In the 

downstream portions of the reach these seeps were not as apparent and temperature and 

ice records reflected the indirect influence of deep groundwater coming from upstream. 

In both years, study site selection and egg fertilization and burying were performed as 

described in Chapter 2.  

In addition to the field-reared samples, embryos were incubated at the MCC 

hatchery in Years 2 and 3 (2015) to examine the early part of development at a higher 

temporal resolution. In Year 2, an experimental stream channel (SC; described in 

Linnansaari et al. 2008) was modified to include spawning substrate to more closely 

monitor early embryonic development in a semi-natural setting. The stream channel was 

supplied with unfiltered brook water, seeded with biofilm, detritus, and invertebrates 

from Indian Brook (a nearby tributary of the Miramichi River), and allowed to form ice 
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through the winter. Twelve single Jordan Scotty incubator trays were filled with embryos 

(n = 2400; Figure 2-4 in Chapter 2) from the Little Southwest Miramichi River stock 

(the same used in the Year 2 field studies) and buried vertically in pre-dug, 30 cm holes 

with depressions upstream along the length of the most downstream 6 m portion of the 

channel. In Year 3, embryos were incubated from November to December 2015 in a 

traditional flow-through hatchery trough at the MCC hatchery, to monitor the period of 

somitogenesis more fully.  

Embryo sampling 

Field-reared embryos within Jordan Scotty incubators were sampled during an 

“early” sampling event and again at a “late” sampling event as described in Chapter 2. 

Embryos that had not yet hatched at the time of sampling were preserved in Stockard’s 

solution (5 parts formaldehyde, 4 parts glacial acetic acid, 6 parts glycerin, and 85 parts 

distilled water by volume; Velsen 1980). This solution has the effect of clearing and 

preserving the egg, making it easier to observe the developmental features without 

cutting into the egg capsule (Velsen 1980). Fleming and Ng (1987) recommend using a 

buffered formalin solution over Stockard’s solution for studies where wet egg weight 

and/or size will be measured. In the present study, developmental features were the main 

basis of evaluation of development and Stockard’s solution was considered to be the best 

preservation solution. 

A maximum subsample of five embryos were randomly selected from each of the 

depth strata with the incubators (Figure 2-4 in Chapter 2) and were preserved in sterile 

20 mL glass scintillation vials pre-filled with Stockard’s solution (for live embryos that 

had not yet hatched; Velsen 1980) or buffered formalin (for hatched alevins). During the 
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late sampling event, hatched alevins were able to escape from the incubator trays during 

sampling. In such cases, a maximum subsample of five escapees was randomly selected 

and preserved in formalin, no depth section was assigned, and the sampled alevins were 

assumed to represent the incubator tray as a whole.  

Additional samples were collected from the SC and MCC hatchery trough in 

Years 2 and 3, respectively. Samples were taken monthly (October 2014 to March 2015) 

from the SC in Year 2. During each sampling event, a single tray was retrieved, and a 

subsample of 20 embryos contained therein was preserved in a pre-filled, sterile 20 mL 

glass scintillation vial of Stockard’s solution. Sampling from the SC ended prematurely 

in March 2015 due to intense ice conditions and associated difficulties in retrieving the 

trays. In Year 3, a sample of 10 embryos incubating in the MCC hatchery trough was 

taken every ~2 days from November to December 2015 to better quantify the earlier 

stages of embryonic development (i.e. somitogenesis). Embryos were preserved in pre-

filled, sterile 20 mL glass scintillation vials of Stockard’s solution. 

Developmental state assessment 

 Each of the 1221 collected embryos was examined under a Leica
 
MZ16 A 

dissecting microscope (at 30x-50x magnification), then assigned a developmental state 

and a relative age in τs according to the metric developed by Annis (2015; Table 3-3, 

Appendix V). The metric is based on distinct and easily observable external 

morphological features such as somite pair formation, eye development, fin development 

(distinction, shape, fin rays and segments), yolk vascularization, body pigmentation, 

cephalic shape, and yolk absorption, which do not require advanced laboratory methods 

to be identified. Therefore, the metric was selected to facilitate the identification of 
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developmental states for a high volume of embryos of varying preservation quality with 

minimal effort. To correctly identify key morphological features, chorions were removed 

from each embryo using a FeatherTM 72044-10 scalpel blade, fine-tipped forceps, and a 

needle-nose probe. Alevins were laid flat and debris from sampling or preservation was 

washed away with distilled water. Where a state was represented by a range of τs units, 

the mean τs was assigned as the relative age of the embryo.  

Temperature measurement 

Temperatures of the stream (surface) and hyporheic waters were measured using 

Onset Hobo Pro v2 (accuracy 0.2ºC) and Vemco Minilog-II-T (published accuracy 0.1ºC, 

measured maximum error: 0.056 ºC; Nafziger et al. 2013) sensors. At certain sites, the 

only water temperature available was measured by a water level or conductivity sensor, 

such as a Schlumberger (models DI 501 and 601) pressure transducer (published 

accuracy: 0.1ºC, measured maximum error: 0.73ºC; Nafziger et al. 2013) or an Onset 

Hobo U24 conductivity probe (accuracy 0.1ºC). Measurement intervals for the water 

temperature data ranged from 1 to 30 minutes.  The temperature data were corrected 

using a graphical approach whereby the observed residual supercooling temperature was 

set to 0ºC or through laboratory comparison with a Seabird SBE39 (accuracy 0.002ºC) 

where available, as described by Nafziger et al. (2013).  This correction is thought to 

improve the accuracy of all instruments to less than 0.05ºC, or to the magnitude of 

residual supercooling temperatures (Nafziger et al. 2013). Surface water temperature 

sensors were attached to cinder blocks anchored to the stream banks with PVC-coated 

braided steel cable. The cables were buried in the river bed to avoid snagging onto 

floating debris and ice. Surface water temperature records from the appropriate reach 
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were assigned to the 10 cm depth stratum of all incubators within that reach. Hyporheic 

water temperatures were measured at a depth of 30 cm below the top of the substrate, 

with sensors attached directly to the bottom of a buried incubator. Only one hyporheic 

temperature sensor was deployed in each study riffle (for a total of three per study reach), 

due to equipment constraints. Hyporheic water temperature records from the appropriate 

riffle were assigned the 30 cm depth stratum of all incubators within that riffle. The 20 

cm depth stratum of each incubator was assigned the average temperatures of the relevant 

surface and hyporheic records. Water temperatures in the stream channel were similarly 

measured and sensors in the hatchery were placed directly in flow-through embryo 

incubation troughs. 

Analyses 

All analyses were first performed on data collected from the only the 10 cm depth 

stratum, then on data from all depths, such that the variation associated with incubation 

depth within the substrate could be examined. Embryos incubating deeper in the 

hyporheic zone were expected to experience more variable conditions among incubators 

because the influence of spatially variable groundwater-hyporheic interactions are 

enhanced in winter (e.g. Malcolm et al. 2003, 2004, 2005, & 2008, Brown et al. 2011). 

This variation may not have been captured by temperature sensors installed deeper in the 

hyporheos, and may have produced error if single sensors were associated with the 30 cm 

depth strata of incubators farther away in a riffle. However, it can be assumed that the 

surface water (under the ice) is relatively well-mixed and not as spatially variable (as 

hyporheic water) at the riffle scale. Therefore, temperature sensors measuring surface 

water temperature were assumed to be relevant to more embryos within a reach 
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incubating in the upper layer of the hyporheos (i.e. in the 10 cm depth stratum of the 

incubators), which is mainly under the influence of the surface water (Alexander & 

Caissie 2003).   

Using measured temperatures, the following developmental “units” were 

calculated for each embryo at the time of sampling: cumulative degree days (CDD; 

Equation 3-1), effective degree days according to the method outlined by Kamler (2002, 

CDDeff; Equation 3-2), and relative age in τs according to the method for variable 

temperatures described by Gorodilov (1996; Equation 3-3). Additionally, cumulative 

average incubation temperature was calculated for the duration of each embryo’s 

incubation period. Percent development of each embryo was calculated two ways. First, 

using the developmental milestone of “hatch” outlined for each of the prediction methods 

to represent 100% development, to compare the length of time in days required for 

embryos to hatch as predicted by each of the three prediction methods using temperature 

records from a representative ice-affected stream (CBL), the hyporheic zone at the 

groundwater seep area in OB, and the MCC hatchery trough. Second, using each 

embryo’s assigned developmental state and associated relative age in τs, with the upper τs 

limit of the final state of yolk absorption (600 τs; Table 3-3) representing 100% 

development. Percent development to yolk absorption was plotted against CDD and 

CDDeff to compare the collected data to the published predicted developmental 

milestones of “first eyed” and “50% hatch” for each method (Table 3-2 and Ryzkhov 

1976; in Kamler 2002) and, in the case of τs, to the developmental states outlined by 

Annis (2015; Table 3-3, Appendix V). The linear relationship between the τs values that 

were used to assign percent development to each observed embryo and the assigned 
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percent development (representative of a perfectly calibrated Tau-Somite Method for 

predicting embryonic development) was evaluated against the collected data and 

associated temperature records. An R2 value was manually calculated to assess the 

predictive strength of the Tau-Somite Method on data from the 10 cm depth stratum as 

well as the entire dataset. 

In relation to the predictions from each method, developmental progression was 

classified as “matched” (data matched predictions), “accelerated” (data plotted above and 

to the right of predictions, indicating embryos reached milestones earlier than predicted), 

“delayed” (data plotted below and to the left of predictions, indicating embryos reached 

milestones later than predicted), or “sigmoidal” (data plotted above and below the 

predictions at different points in development; Figure 3-2). If development was classified 

as “accelerated”, “delayed”, or “sigmoidal” relative to a prediction method, model 

parameters could be fitted such that the prediction method might better reflect the reality 

of the observed embryonic progression.  

Three models were tested on the three developmental prediction methods to 

determine which one best predicted observed developmental state from the incubation 

temperature history. The three models took a linear, exponential, and a logarithmic form:  

(Equation 3-4)   𝑦 = 𝑎𝑥 + 0 

(Equation 3-5)   𝑦 = 𝑎𝑒`a − 𝑎 

(Equation 3-6)   𝑦 = 𝑎 ln(𝑥 + 1) 

where y represents percent development to the completion of yolk absorption of the 

collected embryos, x represents the relative age calculated by the Cumulative Degree-

Day, Effective Degree-Day, and Tau-Somite Methods from the incubation temperature 
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records, and a and b are parameters to be estimated. The models were chosen such that 

they passed through the origin to reflect the biological reality that development begins at 

the time of fertilization. For each method-model combination, the parameters for each 

model were estimated using a least-squares approach implemented by the package 

“FME” in R (Soetaert & Thomas 2012, R Core Team 2015). R2 values and p values were 

calculated and reported for all linear functions. R2 values and p values were not reported 

for exponential and logarithmic models, since they are not appropriate evaluation criteria 

for non-linear regression functions (Cornell & Berger 1987, Spiess & Neumeyer 2010). 

Instead, the standard error of the estimate was reported for all functions (in % 

development; Soetaert & Thomas 2012) such that useful comparisons might be made 

between the suitability of linear and non-linear regression functions.   
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Results 

Temperature conditions 

A range of incubation temperature regimes was observed in the present study 

(Figure 3-3). In ice-affected streams, water temperatures at the 10 cm incubation depth 

remained between 0-1°C for the duration of winter and the majority of the incubation 

period with minimal fluctuation (~45-175 days incubated; Figure 3-3a). In the 

groundwater-affected stream, hyporheic (30 cm) temperatures were more variable 

throughout the winter period, fluctuating between 0-2°C for the majority of the 

incubation period (~40-195 days incubated; Figure 3-3a). The hyporheic zone in the 

groundwater seep area showed occasional large fluctuations in temperature (between 2-

7°C) which stabilized at ~7°C for the majority of the incubation period (~80-175 days 

incubated; Figure 3-3a). Cumulative average water temperatures at 200 days incubated 

ranged from a maximum of ~6.5°C in the groundwater seep to a minimum of ~0.5°C in 

the ice-affected stream (Figure 3-3b). Water temperatures in the MCC hatchery trough 

showed moderate fluctuation between 2-4°C for the majority of the incubation period 

(~30-190 days incubated; Figure 3-3a) and cumulative average water temperatures at 

200 days incubated were ~3.5°C.  

 A comparison of the predicted embryonic developmental progression using the 

three prediction methods and records from three different incubation temperature regimes 

(Figure 3-4) showed different responses. The greatest divergence amongst prediction 

methods was found in the ice-affected stream. The Cumulative Degree-Day Method’s 

predicted development plateaued through the winter months (December-April) in the ice-

affected stream because degree-days do not accumulate over time when temperatures 
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reach 0°C (Figure 3-4, Equation 3-1). As a result, the Cumulative Degree-Day Method 

predicts a longer time to hatch of > 240 days, compared with 214 days for the Tau-

Somite Method and 218 days for the Effective Degree-Day Method (Figure 3-4a). As 

expected, the higher winter incubation temperatures (~7°C) in the groundwater seep area 

of OB resulted in predictions of accelerated development to hatch (Cumulative Degree-

Day Method: 71 days, Effective Degree-Day Method: 75 days, Tau-Somite Method: 66 

days) and all three prediction methods produced similar response curves (Figure 3-4b). 

At typical hatchery incubation temperatures (~4°C) in the MCC trough, the prediction 

methods also closely resembled one another, but the predicted days to hatch was longer 

than for the groundwater seep (Cumulative Degree-Day Method: 128 days, Effective 

Degree-Day Method: 113 days, Tau-Somite Method: 119 days; Figure 3-4c); a reflection 

of the intermediate incubation temperature regime.  

Embryonic development 

The embryos collected for the present study represent a wide range of 

development (~2.8-73.5%) and were sampled across the majority of the incubation period 

(~7-255 days incubated; Figure 3-5). Embryos that incubated in the study reaches were 

at ~20-50% development and were collected at ~150-170 days incubated at the early 

sampling event and > 200 days incubated at the late sampling event (Figure 3-5). The 

range of development observed within reaches was slightly wider (~25-38%) at the early 

sampling event in both years than at the late sampling event in Year 2 (~63-73.5%, data 

not available for Year 1 comparisons; Table 3-4, Figure 3-5). The earliest developmental 

state (from Annis 2015; Table 3-3) observed was “Early A” (~2.8% development), which 

was represented by five embryos collected in Year 3 from the MCC hatchery facility. The 
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most advanced developmental state observed was “Yolk absorption D” (~73.5% 

development), which was represented by nine embryos collected in Year 2 from the OB, 

RB, and CBL reaches (Figure 3-5). Only five developmental states (Table 3-3) were not 

represented by the samples collected from Years 1-3: “Early B”, “Somitogenesis C”, 

“Somitogenesis G”, “Yolk absorption E”, and “Yolk absorption F”.  

 Comparing the three temperature-based prediction methods (from Figure 3-4) to 

the observed embryonic development demonstrated variable relationships (Figures 3-6 

and 3-7). The Cumulative Degree-Day Method produced the most visually scattered data 

with each developmental state represented by the largest range on the x axis of the three 

methods (Figure 3-6a and b). The sampled embryos reached published developmental 

milestones earlier than predicted; therefore, the developmental progression in relation to 

the Cumulative Degree-Day Method was classified as “accelerated” (see Figure 3-2d). 

This pattern was particularly pronounced when only examining data from the 10 cm 

incubation depth (Figure 3-6a) but was also observed in the entire dataset (Figure 3-6b). 

The Effective Degree-Day Method produced similarly visually scattered data (Figure 3-

6c and d), although comparisons of predicted and observed embryonic development were 

made difficult because only one developmental milestone is published in relation to the 

method (“hatch”, reported to occur at ~639 CDDeff by Ryzkhov 1976; in Kamler 2002). 

The sampled embryos reached the developmental milestone of “hatch” earlier than 

predicted by the Effective Degree-Day Method, though the pattern is not as pronounced 

as it was for the Cumulative Degree-Day Method (Figure 3-6a vs. c and b vs. d). The 

developmental progression of the sampled embryos does not appear to be considerably 
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“delayed” and only moderately “accelerated” (see Figure 3-2d) relative to the Effective 

Degree-Day Method (Figure 3-6c and d).  

In comparison with the Degree-Day methods, the Tau-Somite Method produced 

less visually scattered data with each developmental state represented by a smaller range 

on the x axis (Figure 3-7). In general, the sampled embryos reached developmental states 

outlined by Annis (2015) later than predicted. Embryonic development matched the 

predictions more closely for data from the 10 cm incubation depth (Figure 3-7a), 

however the developmental progression in the entire dataset was classified as “delayed” 

(Figure 3-7b; see Figure 3-2c) relative to the Tau-Somite Method. A comparison of the 

linear relationship between percent development and τs and the collected data revealed 

similar patterns of “delayed” developmental progression (Figure 3-8; see Figure 3-2c). 

The comparisons yielded an R2 value of 0.726 when using data from the 10 cm 

incubation depth (Figure 3-8a) and 0.424 for data from all incubation depths (Figure 3-

8b).  

Evaluation of three possible equations (Equations 3-4, 5, and 6) as models for 

relating the three prediction methods to the collected data revealed that the simplest 

approach with the lowest associated error (standard error = 3-4%) was the linear equation 

developed from the Effective Degree-Day Method:  

(Equation 3-7)  𝑦 = 0.843	𝑥 

where y represents percent development (to the completion of yolk absorption) and x 

represents relative age in CDDeff (calculated from Equation 3-2, where T0 = -1.7°C). In 

general, the the lowest standard error values (± 3-6%) were produced by linear (Equation 

3-4) and exponential (Equation 3-5) relationships generated for the Effective Degree-
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Day and Tau-Somite Methods (Table 3-5). In some cases, the linear and exponential 

models directly overlapped over the range of x and y values represented in the present 

study (R2 = 0.9724; Figure 3-9a and R2 = 0.9823; Figure 3-10b). When data from only 

the 10 cm depth stratum was used, exponential models generated for the Effective 

Degree-Day and Tau-Somite Methods produced the lowest standard error values (3%; 

Table 3-5, Figures 3-10a and 3-11a). Models generated for the Cumulative Degree-Day 

Method produced the highest standard error values (± 10-12%) and among those models, 

the logarithmic relationship produced the lowest standard error (10%; Table 3-5).   
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Discussion 

To gain an understanding of the relationship between embryonic development and 

temperature, the present study investigated the suitability of current developmental 

prediction methods from the literature as they relate to field-reared embryos and their 

associated incubation temperatures. Many existing methods do not characterize 

developmental progression well at low temperatures and are inadequate for several 

reasons outlined in the Introduction, including their use of logarithmic functions which 

are undefined at temperatures of 0°C and the lack of empirical data at low temperatures. 

Identifying an appropriate method of predicting Atlantic salmon embryo development is 

valuable both for practical applications (embryo transport, stocking, etc.) and for 

enhancing scientific understanding of how developmental rate is affected by temperature. 

Examining developmental prediction methods 

Currently, the developmental progression of the collected embryos cannot be 

classified as “matching” any of the three prediction methods, though the published range 

of CDD and CDDeff values for specific states of development are limited for the Degree-

Day methods. The Cumulative Degree-Day Method for calculating relative age appeared 

to overestimate the time to hatch by as much as ~30 days when compared to the Tau-

Somite and Effective Degree-Day Methods. This result was particularly pronounced in 

the ice-affected stream when compared to streams or incubation environments with 

higher incubation temperatures, since the Cumulative Degree-Day Method inherently 

assumes that development stops at 0°C. Results support that the conventional Cumulative 

Degree-Day Method is an inappropriate prediction method for determining embryonic 

development at low temperatures.  
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Both the Tau-Somite and Effective Degree-Day Methods account for the 

possibility that embryonic development continues at low temperatures, which allows 

them to produce more reasonable, though still imprecise, predictions of relative age. 

When alternate equations relating the prediction methods to the collected data were 

attempted, the simplest approach with the lowest associated error was a linear equation 

developed from the Effective Degree-Day Method (Equation 3-7). This model may be 

further refined by calibrating the parameters to better fit the collected data or for data 

from another salmon population. However, for this approach to be useful in practice, 

further research must be undertaken to identify more developmental states as they relate 

to specific relative ages in CDDeff. There is only one published developmental milestone 

that can be directly related to a CDDeff value (“hatch”, reported to occur at ~639 CDDeff 

by Ryzkhov 1976; in Kamler 2002). In contrast, there are > 100 states described by 

Gorodilov (1996) for Russian salmon populations and 26 states described by Annis 

(2015) for Saint John and Miramichi River salmon populations that can be directly 

related to ranges of τs values. Given the number and specificity of associated descriptions 

of embryonic development, the Tau-Somite Method could be preferred over the Effective 

Degree-Day Method for predicting the developmental progression of salmon embryos if 

precision and accuracy could be improved through calibration.  

Since the method described by Annis (2015) was used to assigned percent 

development to the sampled embryos in the present study, it was possible to conclusively 

determine the predictive ability of the Tau-Somite Method in its current form. The 

method is not appropriately calibrated for this study’s dataset as the datapoints are biased 

to include more points below the line relating relative age to percent development; this 
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resulted in predictions that were advanced relative to the actual development of the 

sampled embryos. If the parameters in the Tau-Somite Method were calibrated for a 

specific population, it could produce superior predictive results (i.e. lower error). Such a 

calibration could be undertaken by changing the coefficients in the predictive equation 

(Equation 3-3) based on field and lab studies of the incubation conditions or genetic 

population of interest. The equation was developed using salmon embryos from Russian 

populations (Gorodilov 1996), so it is possible that new coefficients are necessary for 

Canadian salmon populations. Additionally, the method could be calibrated by observing 

the length of time a somite takes to form at various temperatures for the population of 

interest as outlined by Gorodilov (1996). Performing these calibrations is valuable and 

should be undertaken in future work, especially given the considerable amount of data 

about the progression of embryonic development that is directly associated with specific 

relative ages in τs.  

Variability in embryonic development 

 A wide range of developmental states was represented by the set of embryos 

sampled in the present study and, depending on temporal and spatial scale, the percent 

development of subsets of embryos was variable. In general, embryos from the early 

event in Year 1 exhibited wider ranges of percent development and higher standard 

deviations at all spatial scales. Where it was possible to compare the early and late 

sampling events (in Year 2 only), embryos from the late event exhibited wider ranges of 

percent development and higher standard deviations at all spatial scales (i.e. within a tray, 

an incubator, a riffle, or a reach). This pattern was observed across both the 

representative ice-affected stream (CBL) and the warm, groundwater-influenced stream 
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(OB), which represented both ends of the range of natural incubation conditions in the 

Miramichi River basin. It is possible that this pattern is the result of the longer incubation 

period; the embryos sampled later had been exposed to potentially complicating 

incubation conditions for a longer period of time. Therefore, they had more opportunities 

to diverge from one another in terms of developmental rate or fitness, as a result of their 

potentially different predispositions.  

Furthermore, all developmental prediction methods produced less variable data 

when applied to embryos that had incubated in the 10 cm incubation depth when 

compared with embryos from across all incubation depths. Incubation conditions become 

more spatially variable with increasing depth into the hyporheic zone (e.g. Malcolm et al. 

2003, 2004, 2005, & 2008, Brown et al. 2011; see Chapter 2), therefore the variability in 

the present study’s data was likely due to the localized influence of hyporheic exchange 

with warmer groundwater. Groundwater influences are often pronounced in seeps 

through the hyporheic zone that create spatial variation in both temperature and other 

parameters (e.g. dissolved oxygen, etc.; see Chapter 2). Such variability limits the 

applicability of any temperature-based developmental prediction method to the natural 

incubation environment, and highlights the necessity of in-depth, high resolution, and 

often costly continuous measurement of natural environmental variables throughout the 

incubation period.  

The present study is the first step toward predicting the development of field-

reared embryos based on stream temperature alone, particularly at low temperatures. It 

also represents a preliminary exploration of the relationship between embryonic 

development and temperature in natural, eastern Canadian incubation conditions. Though 
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the work provides insights on the most appropriate prediction models currently in 

existence, future work should focus on making adjustments to the models themselves so 

that they are more relevant for specific incubation conditions (i.e. ice-affected vs. 

groundwater seep, etc.) or genetic populations (i.e. Miramichi vs. Saint John River 

stocks, etc.). 

It will also be valuable to explore the effects of other physical, chemical, and 

physiological parameters. Development has been shown to slow or progress abnormally 

when dissolved oxygen concentrations are low (e.g. Mason 1969), sometimes due to fine 

sediment intrusion into the incubation environment (e.g. Roussel 2007). This highlights 

the need for a better characterization of the variability inherent in the winter hyporheic 

incubation environment. Furthermore, detrimental sub-lethal effects have been 

demonstrated to manifest in salmon embryos after exposure to Saprolegnia fungi (e.g. 

Hussein & Hatai 2002), heavy metals (e.g. Rombough & Garside 1982), and low pH (e.g. 

Finn 2007). Maternal effects also may play a role in the progression of embryonic 

development; for instance, maternal cortisol levels are associated with alevins for length, 

yolk-sac volume, and the prevalence of morphological malformations (Eriksen et al. 

2006). These factors represent potentially confounding variables in the relationship 

between temperature and development, and their influence should be examined 

throughout the incubation period, but especially at specific development states. Ideally, 

the influence of relevant factors should be incorporated into developmental models as 

parameters when possible.  

Additionally, the effect of relatively extreme high and low temperatures on 

different developmental states should be investigated. Steel et al. (2012) have already 
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established that temporal variability in temperature regimes can produce differences in 

emergence timing or physiological status at emergence among incubation habitats that 

appear similar with respect to mean incubation temperature or cumulative degree-day 

values, but are there specific periods of development that are particularly vulnerable to 

temperatures at the upper or lower thermal limits to growth? A more detailed 

identification of the periods in a salmon embryo’s developmental progression when they 

are most sensitive or most robust would be useful for conservation, hatchery-rearing, and 

stocking efforts. 

Conservation implications 

Population recovery and habitat protection 

The examination of prediction methods presented in the present study will likely 

be useful for researchers and hatchery managers attempting to improve their current 

stocking or conservation programs. As part of many stocking programs, hatchery-reared 

Atlantic salmon are often released into natural streams as early as possible during their 

life cycle in an attempt to limit the problematic consequences of captive rearing on 

natural survival rates (e.g. Norman 1989, Olla et al. 1993, Clarke et al. 2016). Salmon are 

usually released as unfed fry (e.g. Egglishaw et al. 1984), but recently some programs 

have incorporated the release of “eyed” embryos (Coghlan & Ringler 2004). However, 

without an accurate prediction model relating development to temperature, salmon reared 

in warmer hatchery water may be developmentally advanced relative to their natural 

counterparts incubating at much lower temperatures (Johnson 2003). This mismatch in 

development may adversely affect the survival of hatchery-reared salmon, depending on 

when and at which life stage they are released. If food resources are not yet sufficient or 
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environmental conditions are not yet optimal in cold, ice-affected streams, hatchery-

reared embryos may suffer from starvation or freezing due to their advanced development 

and exposure in the river. However, the present study’s examination of prediction 

methods at low temperatures may be a valuable contribution to the improvement of 

current stocking efforts. Combined with future population-specific research, the 

conclusions presented make it possible to predict the optimal developmental state at 

which to release hatchery-reared embryos and fry into a colder, natural environment. 

Beyond stocking and population recovery efforts, the present study provides a 

baseline understanding of natural embryonic development for researchers examining the 

effects of regulation. Depending on the type of dam, downstream river temperature 

regimes may warm in magnitudes similar to climate change projections (Olden & 

Naiman 2010). To assess the effect of warming due to regulation, the data and methods 

presented in the present study may be useful comparatively.  

Climate change 

Baseline data relating embryonic development to low temperatures is critical to 

recognize the effects of climate change in the future and avoid “shifting baselines 

syndrome” (e.g. Pauly 1995, Papworth et al. 2009). Winter, the incubation period for 

Atlantic salmon embryos, is predicted to be the season most highly affected by climate 

change in northern regions (Linnansaari & Cunjak 2011, Romero-Lankao et al. 2014). As 

winter air temperatures warm, so will river water temperatures (Caissie 2006). As 

discussed in the Introduction, such changes may have adverse effects on juvenile salmon 

populations. As climate change produces more variable northern winter incubation 

conditions, conservation efforts will need to rely on an understanding of the ecology of 
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natural embryonic development which does not currently exist. The present study 

attempts to provide an initial exploration of the natural incubation of salmon embryos so 

that future researchers may be able to identify departures from the identified patterns and 

relationships and predict the magnitude of further change. There are exciting and 

important avenues for future research into the earliest and least studied part of the 

Atlantic salmon life cycle, and the present study represents a useful basis on which future 

work may be built. The present study also reflects a common theme in winter ecology in 

general (see Chapter 1; e.g. Prowse 2001b, Huusko et al. 2007, Marchand 2013, 

McMeans et al. 2015, and Lavery 2016); though northern winters may not be 

“researcher-friendly” (Prowse 2001b), the knowledge we have yet to glean from them is 

vast and vital. 

  



 

 98 

 
 
 
  

Table 3-1. Summary of models relating developmental time and incubation temperature 
for Atlantic salmon (Salmo salar) and other similar cold-water, fall-spawning salmonids 
and the water temperatures for which the model parameters were calibrated in a number 
of sources from the literature, where Y = days to 50% hatch and T = average incubation 
temperature (°C). 



 

 99 

 
 
  

Table 3-2. Approximate number of cumulative degree-days (CDD) for three 
“milestones” of embryonic development in Atlantic salmon (Salmo salar; “eyed”, 
“hatch”, and “emergence”) and the incubation temperature at which the stages were 
observed in a number of sources from the literature.   
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Table 3-3. Minimum and maximum tau-somite (τs) values assigned to each 
morphologically-described embryonic developmental state for Atlantic salmon (Salmo 
salar) as developed by Annis (2015), based on morphological descriptions and 
calculations by Gorodilov (1996). Mean percent development, where the completion of 
yolk absorption (600 τs) represents 100%, is noted for each developmental state. 
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Table 3-4. Maximum ranges of percent development observed in Atlantic salmon (Salmo 
salar) embryos incubated in the Catamaran Brook Lower and Otter Brook reaches 
sampled during two different periods (early and late) in two different years (Year 1; 
2013-2014 and Year 2; 2014-2015). Percent development was calculated from states 
assigned to embryos according to Annis (2015). The widest ranges were selected to 
represent the maximum variation in percent development across a single hyporheic 
incubation depth (10, 20, or 30 cm), incubator, riffle (at only the 10 cm depth), and reach 
(at only the 10 cm depth). Range sizes and standard deviations for each set of samples 
represented by the ranges are noted in parentheses, respectively. 



 

 102 

 
 
 
  

Table 3-5. Results of parameter estimation using three equation types (linear, 
exponential, and logarithmic) to relate three methods of predicting Atlantic salmon 
(Salmo salar) embryonic development to collected embryonic developmental data at only 
the 10 cm substrate incubation depth and all three depths (10 cm, 20 cm, and 30 cm). 
Equations were forced through the origin (0,0) to maintain their biological relevance. R2 
represents the multiple R-squared reported by R (R Core Team 2015) for linear 
parameter estimation and sest represents the standard error of the estimate on 437 df 
(10cm depth, linear and logarithmic), 436 df (10cm depth, exponential), 1220 degrees of 
freedom (df; all depths, linear and logarithmic), and 1219 df (all depths, exponential), 
reported by the FME package in R (Soetaert & Thomas 2010).  
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Figure 3-1. Various models predicting the number of days to hatch over a range of 
incubation temperatures (°C) for several cold-water, fall-spawning salmonids. Models 
predicting hatch for Atlantic salmon (Salmo salar) are shown as solid lines, while models 
relating to other cold-water, fall-spawning salmonids (Oncorhynchus tshawytscha, S. 
trutta, and Salvelinus alpinus) are shown as dashed lines. The curve representing 
cumulative degree-days assumes that hatch occurs at ~489 CDD (Table 3-2). Figure 
courtesy of J. Nafziger. 
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Figure 3-2. Theoretical representation of four different scenarios of Atlantic salmon 
(Salmo salar) embryo developmental progression, using the Cumulative Degree-Day 
Method (percent development vs. CDD) as an example. a) “Matched”: the observed data 
plotted on top of the grey boxes, indicating that the embryos reached development 
milestones when predicted. b) “Sigmoidal”: the observed data plotted above and below 
the grey boxes at different points in developmental progression, indicating that the 
embryos reached developmental milestones at different speeds throughout their 
incubation. c) “Delayed”: the observed data plotted below and to the left of the grey 
boxes, indicating that the embryos reached development milestones later than predicted. 
d) “Accelerated”: the observed data plotted above and to the right of the grey boxes, 
indicating that the embryos reached developmental milestones earlier than predicted. For 
other prediction methods, the milestones may be replaced with more specific 
developmental states, such as those outlined by Annis (2015) when examining the Tau 
Somite Method. 
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Figure 3-3. a) Measured mean daily temperatures and b) mean incubation temperature 
since fertilization (calculated for every temperature measurement interval since 
fertilization) for the period of Atlantic salmon (Salmo salar) embryonic incubation in the 
present study (~October-June) in an ice-affected stream (blue), a deep groundwater seep 
(hyporheic zone in dark red and surface water in red), a groundwater-dominated stream 
(in orange), and a hatchery incubation trough (in yellow). The midwinter period (as 
defined by Cunjak et al. 1998) begins at ~50 days incubated (early December) and ends 
at ~160 days incubated (late March). Early winter and breakup periods (as defined by 
Cunjak et al. 1998) are represented by the beginning (~0-49 days incubated) and end of 
the incubation period (~161-225 days incubated), respectively. 
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Figure 3-4. Predictions of percent progression to hatch for Atlantic salmon (Salmo salar) 
embryos incubating at average winter water temperatures of approximately a) 1°C in the 
Catamaran Brook Lower Reach (a naturally ice-affected stream), b) 7°C in Otter Brook 
(the site of multiple warm groundwater seeps), and c) 4°C in the MCC hatchery facility’s 
incubation trough. Percent progression to hatch was calculated such that embryonic 
emergence from the chorion represented 100%. Predictions of percent progression were 
calculated with three methods; the Cumulative Degree-Day Method (in orange, where 
100% hatch = 439 CDDs; see Introduction), the Effective Degree-Day Method (in grey, 
where 100% hatch = 639 CDDeff; see Ryzkhov 1976, in Kamler 2002), and the Tau-
Somite Method (in blue, where 100% hatch = 310 τs; see Gorodilov 1996 and Annis 
2015).  



 

 107 

 
Figure 3-5. Atlantic salmon (Salmo salar) embryos (n = 1221) collected over three study 
years (Year 1: 2013-2014, Year 2: 2014-2015, and Year 3: 2015-2016; represented by 
symbols) from six study reaches at four different sampling events or regimes (early 
sampling event: late March, late sampling event: late May, stream channel: from the 
MCC stream channel, hatchery: from the MCC hatchery’s incubation trough; represented 
by colours) after a period of incubation (shown in days incubated). Each embryo 
collected was assigned a developmental state based on Annis (2015) and an assigned 
relative age in tau somites (τs). Percent development was then calculated, with 600 τs 
representing 100% development when the yolk sac is entirely absorbed (Table 3-3). 

 
 
  



 

 108 

 

 

Figure 3-6. Percent development of Atlantic salmon (Salmo salar) embryos collected 
over three study years and from six study reaches and hatchery facilities in the Miramichi 
River basin compared with the following prediction methods (calculated from recorded 
temperature) at both the 10 cm substrate incubation depth (n = 438 embryos) and all three 
incubation depths (10 cm, 20 cm, and 30 cm; n = 1221 embryos); a & b) cumulative 
degree days (CDD) and c & d) effective degree days (CCDeff). Grey rectangles represent 
the predicted progression of embryonic development in terms of a & b) the first state of 
the “eyed” period and “50% hatch” (Table 3-2) and c & d) the hatch stage according to 
Ryzhkov in Kamler (2002). Each embryo collected was assigned a developmental state 
based on Annis (2015) and a relative age in tau somites (τs). Percent development was 
then calculated, with 600 τs representing 100% development when the yolk sac is 
completely absorbed (Table 3-2). 
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Figure 3-7. Percent development compared with relative age in τs of Atlantic salmon 
(Salmo salar) embryos collected over three study years and from six study reaches and 
hatchery facilities in the Miramichi River basin compared with the following prediction 
methods (calculated from recorded temperature) at both the a) 10 cm substrate incubation 
depth (n = 438 embryos) and b) all three incubation depths (10 cm, 20 cm, and 30 cm; n 
= 1221 embryos). Grey bars represent the predicted progression of embryonic 
development in terms of the developmental states outlined by Annis (2015; Table 3-2). 
Each embryo collected had an associated temperature record, which was used to 
calculated their “predicted” relative ages in tau somites (τs). Each embryo collected was 
also assigned a developmental state based on Annis (2015) and an “actual” relative age in 
τs, which was then used to calculate percent development, with 600 τs representing 100% 
development when the yolk sac is completely absorbed (Table 3-2). 
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Figure 3-8. Comparison of the Tau-Somite Method (Gorodilov, 1996; Table 3-1, 
Equation [iv]) of predicting Atlantic salmon (Salmo salar) embryonic development from 
temperature (shown as solid orange lines), and embryos (shown in black) collected over 
three study years and six study reaches and hatchery facilities in the Miramichi River 
basin from a) the 10 cm incubation depth (n = 438 embryos; R2 = 0.726) and b) three 
incubation depths (10 cm, 20 cm, and 30 cm; n = 1221 embryos; R2 = 0.424). Each 
embryo collected had an associated temperature record, which was used to calculate their 
“predicted” relative ages in tau somites (τs). Each embryo collected was also assigned a 
developmental state based on Annis (2015) and an “actual” relative age in τs. Percent 
development was then calculated from the “actual” relative age, with 600 τs representing 
100% development when the yolk sac is completely absorbed (Table 3-2). 
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Figure 3-9. The Cumulative Degree-Day Method: possible models (linear in green, 
exponential in red, and logarithmic in blue) relating the percent development of Atlantic 
salmon (Salmo salar) embryos collected over three years and six study reaches and 
hatchery facilities in the Miramichi River basin from a) the 10 cm substrate incubation 
depth (n = 438 embryos; two best models shown) and b) all three incubation depths (10 
cm, 20 cm, and 30 cm; n = 1221 embryos; three best models shown) to cumulative degree 
days (CDD) calculated from measured temperature records associated with each embryo. 
Fitted equations are found in Table 3-5. The exponential model and the linear model 
overlap for the entirety of both panels a) and b). 
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Figure 3-10. The Effective Degree-Day Method: the two best models (linear in green and 
exponential in red) relating the percent development of Atlantic salmon (Salmo salar) 
embryos collected over three years and six study reaches and hatchery facilities in the 
Miramichi River basin from from a) the 10 cm substrate incubation depth (n = 438 
embryos) and b) all three incubation depths (10 cm, 20 cm, and 30 cm; n = 1221 
embryos) to effective degree days (CDDeff) calculated from measured temperature 
records associated with each embryo. Fitted equations are found in Table 3-5. The 
exponential model and the linear model overlap for the entirety of panel b).  
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Figure 3-11. The Tau-Somite Method: the two best models (linear in green and 
exponential in red) relating the percent development of Atlantic salmon (Salmo salar) 
embryos collected over three years and six study reaches and hatchery facilities in the 
Miramichi River basin from a) the 10 cm substrate incubation depth (n = 438 embryos) 
and b) all three incubation depths (10 cm, 20 cm, and 30 cm; n = 1221 embryos) to 
relative age in tau somite (τs) calculated from measured temperature records associated 
with each embryo. Fitted equations are found in Table 3-5.  
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 Chapter 4:  

General Discussion 
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The overall objective of my thesis was to investigate how the abiotic variables 

potentially interact and influence embryo mortality and development of wild Atlantic 

salmon. In Chapter 2, abiotic variables that individually or in combination have an effect 

on embryo success were examined in direct association with natural mortality over two 

years. In Chapter 3, current methods of predicting embryonic development in relation to 

incubation temperature were assessed and found to be inadequate. An alternative was 

proposed, as well as several areas of future research that may be of interest to hatchery or 

ecosystem managers. As an aside, the studies presented demonstrated the application of a 

variety of novel or underused methods such as Jordan Scotty incubators, partial least 

squares regression, and hatchery-reared control embryos to assist in the recognition of 

mortality from mechanical shock due to human handling. Overall, the studies presented 

offer information about the natural mortality and development of salmon embryos, on 

which future work may build and from which negative impacts or changes may be 

recognized, quantified, and mitigated.  

Summary of findings 

Mortality and the abiotic environment 

Of the total variation in embryo mortality, 37.6% was explained by the 22 abiotic 

variables outlined in Chapter 2; 8.4% was explained by water temperature variables, 

7.4% by water level variables, 7.1% by dissolved oxygen variables, 7.2% by ice 

condition variables, and 7.5% by substrate characteristics (as determined by PLSR 

analyses). The uniformity with which groups of abiotic variables contributed to the 

explained variation in embryo mortality supports a multi-faceted, synthetic perspective 

that puts abiotic variables in context with one another for an examination of interactions 
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as well as direct effects. For example, mortality was generally observed to be highest in 

streams with considerable groundwater influence, where winter incubation temperatures 

were higher and hyporheic dissolved oxygen concentrations were lower. It is possible 

that higher temperatures resulted in an accelerated embryonic developmental rate, but 

that oxygen-poor groundwater did not meet the associated increased oxygen demand 

(Alderdice et al. 1958), causing stress and mortality. Investigating the possible synergistic 

effects of many abiotic variables is recommended as an avenue for future research. 

Continuous measurements (as opposed to point measurements) of abiotic variables are 

also recommended where possible, as they offer a more complete dataset from which to 

build an understanding of the incubation period in its entirety.   

Developmental predictions 

Currently, none of the three temperature-related developmental prediction 

methods outlined in Chapter 3 (Cumulative Degree-Day, Effective Degree-Day, or Tau 

Somite) are sufficient to predict the natural development of Atlantic salmon embryos in 

the Miramichi River basin at water temperatures close to 0ºC. Using a rudimentary 

model-fitting approach, the simplest approach to adjust an existing prediction model (the 

Effective Degree-Day Method; Kamler 2002) with the lowest standard error was the 

linear equation identified in Chapter 3. It is possible that this equation, coupled with the 

existing Effective Degree-Day prediction method, may provide hatchery and ecosystem 

managers with a better estimation of natural developmental progression to which they 

might match their releases of alevins or fry. However ideally, instead of adapting existing 

models, prediction method parameters should be re-calculated for the basin-specific stock 

of interest.  
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Applicability of methods 

Jordan Scotty incubators 

The Jordan Scotty incubators used in both studies were not found to have a 

significant impact on the mortality of embryos (see Chapter 2), and the study designs 

attempted to ensure that they simulated natural incubation conditions for field-reared 

embryos as closely as possible. Incubators were buried at similar depths to natural egg 

deposition (i.e. 10-30 cm in the substrate, Crisp & Carling 1989). Embryos were 

separated from one another, similar to natural separation of embryos in the interstitial 

spaces of spawning substrate (Crisp & Carling 1989), ensuring that mortality due to 

fungal infection was limited (Thoen et al. 2011). Incubators had “escape holes” (through 

which hatched alevins could emerge) that were not blocked or covered with mesh, which 

could affect the interstitial flow, delivery of dissolved oxygen, accumulation of fine 

sediments, and/or removal of metabolic wastes.  

However, some natural conditions could not be simulated in these studies. The 

incubators limited our ability to assess the effects that ice scour and bed movement may 

have on embryo mortality (Montgomery et al. 1996), since scouring removed the entire 

incubator from the substrate instead of shifting and injuring embryos within their redd. It 

is therefore possible that the methods used to quantify ice conditions in the present study 

have neglected to address the potential that scour from ice breakup and high flows may 

have on embryo mortality in nature. Furthermore, the structure of the incubators in these 

studies precluded predation by fish as a source of embryo mortality, and unpublished data 

from Lavery et al. suggest that the incubators also limit consumption of embryos by 

benthic macroinvertebrates. 
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Jordan Scotty incubators have already been accepted as tools for population 

recovery, since their use is fairly simple and easy to accomplish within the restrictions of 

citizen-led stocking programs. However, it is possible that they may prove to be valuable 

tools when conducting future studies of natural embryo mortality or development, if the 

few limitations outlined above are not of concern to the research program. When 

conducting winter research similar to these studies, it recommended that the Jordan 

Scotty incubators are tagged with PIT tags prior to deployment. Thus, the brightly 

coloured incubators can be relatively easy to find during winter with a portable PIT-tag 

antenna (Linnansaari et al. 2007), given that enough effort is expended to break through 

sometimes metre-thick river ice. It is also recommended that, upon deployment, the 

locations of the incubators are triangulated using various permanent features of the 

environment (i.e. large trees on the stream banks with no visible signs of ice scour from 

previous years).  

Handling controls 

Results from Chapter 2 demonstrate the value of hatchery-reared controls for 

isolating embryo mortality that can be attributed to environmental conditions. Had the 

handling controls been eliminated from this design, mortality in the field-reared embryos 

may have been overestimated and mistakenly attributed to the quality of the incubation 

environment rather than mechanical shock from transportation to the study sites. Limiting 

the potentially damaging mechanical shock (Jensen & Alderdice 1983, Krise 2001) from 

handling salmon eggs in an ecological study or stocking program is usually difficult or 

nearly impossible, therefore being able to quantify the degree to which human efforts 

have impacted the embryos is vital to achieving a fuller understanding of the magnitude 
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to which other factors may impact embryonic success. Variation also exists in egg and 

embryo mortality depending on several factors including the stock or genetic population 

(e.g. Beacham 1988, Beacham & Murray 1990, Murray et al. 1990). Had the study 

presented in Chapter 2 assumed that all stocks and spawning crosses performed similarly 

across years and degrees of mechanical shock, mortality in the field-reared embryos may 

have been over or under-estimated. Stock-specific and year-specific hatchery-reared 

controls were integral to isolating natural embryo mortality and are highly recommended 

for inclusion in similar study designs.  

Partial least squares regression 

 By using non-traditional methods to analyze the data presented in Chapter 2, the 

complexity of the relationships between abiotic environmental variables were preserved. 

More widely accepted statistical techniques such as multiple regression would have 

required the removal of “redundant” collinear abiotic predictor variables, restricting the 

interpretation of the data to a set of two to three variables that may have had little 

biological significance without the context of other interrelated abiotic variables (Amand 

et al. 2004, Potapova et al. 2004, Carrascal et al. 2009, Nash & Chaloud 2011, Fang et al. 

2015). For example, the negative impacts of dissolved oxygen on embryos may be 

exacerbated by warm temperatures that accelerate development (Alderdice et al. 1958), 

or the intrusion of fine sediments may cause localized depletion of dissolved oxygen that 

is not evident throughout the study site (Greig et al. 2005, Julien & Bergeron 2006, 

Lapointe et al. 2004). Without context, the significance of variables representing 

dissolved oxygen, temperature, or fine sediments alone may have been over- or under-
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estimated using multiple regression techniques (Amand et al. 2004, Potapova et al. 2004, 

Carrascal et al. 2009, Nash & Chaloud 2011, Fang et al. 2015).  

In contrast, partial least squares regression (PLSR) is a statistical technique that 

preserves and adapts to the multicollinearity of predictor variables by creating new 

combinations of variables on which to perform regression analyses (Carrascal et al. 2009, 

Mevik et al. 2016). As discussed in Chapter 2, the benefits of this method were two-fold; 

1) the complexity of the abiotic environment was preserved in the analysis, rendering it 

more ecologically relevant and 2) the interpretation of the results was not oversimplified, 

reducing the potential for false conclusions about the relative significance of individual 

predictor variables. PLSR is recommended for similar ecological studies, especially when 

complex and interrelated predictor variables are expected and of interest to the research 

question.  

Conservation implications 

Habitat protection 

The protection of spawning and incubation habitat protection should be a priority 

for ecosystem managers and conservationists. Results of these studies suggest that the 

factors contributing to ideal incubation habitats are complex and interconnected. 

Specifically, responsible land use practices should be used to mitigate fine sediment 

intrusion in the incubation environment (e.g. Scrivener & Brownlee 1989). Additionally, 

human activities that may affect groundwater recharge, supply, and water quality such as 

hydraulic fracturing (e.g. Power et al. 1999, Gregory et al. 2011, Gordalla et al. 2013, 

Vengosh et al. 2014), wetland draining and development (e.g. Schot & van der Wal 1992, 

Winter 1999), and anthropogenic pollution (e.g. Rombough & Garside 1982, Moore & 
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Waring 2001, Finn 2007) should be undertaken with care. Natural winter flow and 

temperature regimes should be monitored and maintained in rivers with hydroelectric 

development (e.g. Cushman 1985, Connor & Pflug 2004). In particular, the data and 

methods presented in Chapter 3 may be useful for assessing the effect of warming due to 

regulation on embryonic developmental rate.  

Population recovery 

The examination of embryonic developmental prediction methods presented in 

Chapter 3 may be useful for researchers and hatchery managers attempting to improve 

their current stocking or conservation programs by matching their releases of fry or 

alevins with natural hatching or emergence times. With the recent incorporation of 

“eyed” embryo releases to some stocking programs (e.g. Coghlan & Ringler 2004), an 

accurate prediction model relating development to temperature is crucial. Otherwise, 

salmon reared in warmer hatchery water may be developmentally advanced relative to 

their natural counterparts incubating at much lower temperatures (Johnson 2003). If food 

resources are not yet sufficient or environmental conditions are not yet optimal in cold, 

ice-affected streams, hatchery-reared advanced embryos may suffer from starvation upon 

emergence at inopportune times (Jensen et al. 1991, Einum & Fleming 2000, Steel et al. 

2012). Chapter 3’s examination of prediction methods at low temperatures may be a 

valuable contribution to efforts to mitigate this mismatch in development between 

naturally incubating and hatchery-reared embryos. Combined with future population-

specific research, the conclusions presented make it possible to predict the optimal 

developmental state at which to release hatchery-reared embryos and unfed fry into a 

colder, natural environment. 
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Climate change 

Air temperatures are projected to increase by 3.3-8.5°C in winter by 2080-2099 

(Linnansaari & Cunjak 2011). As discussed in both Chapters 2 and 3, such an increase 

may have considerable and varied adverse effects on embryo mortality and development. 

The baseline data relating embryonic mortality and development to the natural incubation 

environment presented in these studies may be critical for recognizing the effects of 

climate change in the future and avoid “shifting baselines syndrome” (e.g. Pauly 1995, 

Papworth et al. 2009). Specifically, the information presented in Chapter 2 may 

contribute to the deeper understanding of natural embryo mortality, from which the 

impacts of climate change may be measured in the future. In Chapter 3, an inability to 

accurately model the progression of salmon embryonic development as it relates to 

temperature was identified. Combined with future research, this finding and the 

methodology used may prove useful for identifying advanced development due to climate 

change and associated temperature increases. As discussed in Chapters 2 and 3, 

accelerated embryonic development may result in an increased but unfulfilled metabolic 

need for dissolved oxygen (particularly in oxygen-poor, “warm” groundwater-dominated 

streams;  Alderdice et al. 1958), smaller and/or poorer quality alevins at hatch (Einum & 

Fleming 2000), and mistimed emergence and restricted food sources (Jensen et al. 1991, 

Steel et al. 2012). As climate change produces more variable winter incubation 

conditions, conservation efforts will need to rely on an understanding of the ecology of 

natural embryonic mortality and development which does not currently exist. These 

studies attempt to provide an initial exploration of the natural incubation of salmon 
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embryos so that future researchers may be able to identify departures from the identified 

patterns and relationships and predict the magnitude of further change.  

Future Directions 

There are exciting and important avenues for future research into the earliest and 

least studied part of the Atlantic salmon life cycle, and the studies presented in this thesis 

represent a useful basis on which future work may be built. Focused investigations of the 

effects of different combinations of abiotic variables on embryo mortality would be 

beneficial, especially when coupled with detailed studies of embryonic sensitivity to 

various abiotic variables at different stages of development such as the critical period 

post-hatch. In particular, an investigation of the threshold length of embryo exposure to 

low dissolved oxygen concentrations is of interest, as well as a study of the sublethal 

effects of low dissolved oxygen concentrations experienced at different stages that may 

manifest later in development. A similar study of the sublethal effects of mechanical 

shock experienced early in development that may manifest later in development would 

also be useful when attempting to assess the effect of human handling on embryo 

success. Additionally, these studies were unable (due to the incubator design) to assess 

the effects of scour during the spring melt period, so a detailed investigation of ice 

conditions as they relate to embryo success is an exciting potential research avenue 

involving possible partnerships between biologists and hydrologists. It would also be 

useful to investigate the differential resilience of specific genetic populations or stocks to 

various abiotic variables, especially given the increasing impacts of climate change and 

potential adaptations that will be required of Atlantic salmon populations for survival. 

Studies of population- or stock-specific embryonic development as it relates to 
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temperature may also be particularly useful to hatchery and ecosystem managers (see 

Chapter 3).  

Overall, the studies presented in this thesis echo a common theme in winter 

ecology (see Chapter 1; e.g. Prowse 2001b, Huusko et al. 2007, Marchand 2013, 

McMeans et al. 2015, and Lavery 2016); though winter may be an expensive and 

logistically challenging season in which to conduct research, it is vital that we incorporate 

it into ecological studies. Many of the phenomena studied in aquatic ecology are affected 

by the dramatic seasonal changes (see Chapter 1) including the formation and break-up 

of ice cover, declines in temperature and discharge, and rapid changes to water quality 

and sediment load. Ignoring or overlooking winter puts scientific progress in peril and 

risks hindering our understanding of northern lotic ecosystems.  
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 Appendix I: 

 Logit-transformed Menv for statistical analyses 

 

Logit-transformed Menv of Atlantic salmon (Salmo salar) embryos quantified at two 
sampling events (early: late March, late: late May) over two separate study years (Year 1: 
2013-2014, Year 2: 2014-2015). Embryos were harvested from wild adult salmon and 
were reared in Jordan Scotty incubator trays buried within artificial redds in five reaches: 
CBL in blue, OB in red, RB in yellow, CBG in green, and LSW in purple. Significant 
differences detected within each sampling event are noted with letters (Tukey’s HSD, p < 
0.05). Logit transformations were performed with the “car” package in R (R Core Team 
2015, Fox & Weisberg 2011).  
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 Appendix II:  

Logit transformed Menv ANOVA tables and linear models 

ANOVA factors, factor levels, nesting, and symbols used in analyses of logit transformed 
Menv.  
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Linear model and ANOVA results for an analysis of logit transformed Menv data collected 
across the entire study design (Figure 2-3).  
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Linear model and ANOVA results for analyses of logit transformed Menv data collected 
within one study year (Year 1; 2013-2014, Year 2; 2014-2015).  
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Linear model and ANOVA results for analyses of logit transformed Menv data collected 
within a sampling event (early or late) within one study year (Year 1; 2013-2014, Year 2; 
2014-2015).  
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 Appendix III:  

Results of simple linear regressions 

Simple linear regressions performed on the dependent variable (logit transformed Menv) 
and abiotic predictor variables extracted from measured environmental variables (fully 
defined in Table 2-1). Regressions were performed in R (R Core Team 2015).  
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 Appendix IV:  

Results of Partial Least Squares Regression (PLSR) 

 
Root mean squared error of prediction (RMSEP) as the number of partial least squares 
regression (PLSR) model components increases. The ideal number of model components 
is specified as where RMSEP drops to stable, low levels (R Core Team 2015, Mevik et 
al. 2016).  
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Summary of loading weights (W) in each partial least squares regression (PLSR) model 
component of each abiotic predictor variable included in PLSR analyses using data from 
3 study reaches (CBL, OB, and RB) over two years (Year 1 and Year 2). The dependent 
variable for PLSR was logit transformed Menv. Cumulative R2 and the root mean squared 
error of prediction (RMSEP) for each of the 13 PLSR models as well as the % of total 
variation in Atlantic salmon (Salmo salar) embryo mortality explained by each separate 
PLSR component are reported at the bottom. All values were extracted from PLSR 
analyses using the “pls” package in R (R Core Team 2015, Mevik et al. 2016).  
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 Appendix V: 

Developmental metric from Annis (2015) 

Metric outlining 23 states of embryonic development observed in Atlantic salmon (Salmo 
salar) developed by Annis (2015) after Gorodilov (1996), based on external morphology 
of incubating embryos or hatched fry/alevins. Each state is associated with a range of 
relative ages in tau somites (τs). 
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