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Abstract 

Years of habitat loss, hatchery production and water regulation in the Puntledge River have 

potentially compromised diversity in coho salmon. Diversity was interpreted from age and early 

rearing history of mature coho that returned to spawn in 2009 (n=28). Life history groups were 

interpreted through a visual analysis of the micro-chemistry profiles in the otoliths. There were 2 

age classes and 9 life history groups detected. Group differences in Sr:Ca, Ba:Ca and Mn:Ca 

were significant (p<0.0001) between groups with >2 members (n=6). Cluster analysis using 

Sr:Ca and Ba:Ca resulted in similar groups. Sr:Ca profiles indicate different rearing habitats, 

coho that reared in both freshwater and the estuary, and a Jack that reared entirely in the estuary. 

Results support the need for further studies on the extent of diversity in Puntledge coho, and 

management actions that identify, restore and protect important rearing habitats.  
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Introduction 

Resilience in coho salmon (Oncorhynchus kisutch) is linked to diversity in life history 

strategies and adaptability to different habitats. Resilience of a system is defined as the ability of  

a system to absorb disturbance before changing to an entirely different state (Gunderson & 

Holling, 2002). Human impacts to habitat and population structure have the potential to reduce 

resilience of salmon populations. Coho salmon are assumed to display a reduced level of life 

history diversity compared to sockeye and chinook as they display lower variability in migration 

run timings and in adult age classes (Holtby & Ciruna, 2008; Waples et al., 2001). However, 

they are highly adaptable and able to use diverse freshwater habitats as juveniles and occupy 

newly established spawning grounds as adults (Anderson & Quinn, 2007; Holtby & Ciruna, 

2008).  

Human changes to freshwater habitats, the effects of fishing, and production-oriented 

activities (hatcheries) have potentially limited the resilience and adaptability of coho salmon. 

Environmental conditions of today vary greatly from the conditions under which coho evolved, 

and are likely to continue challenging coho (Waples, Beechie, & Pess, 2009).  While salmon 

have evolved under the pressure of warming trends in the past, the rate of climate change 

compounded with other impacts to habitats and population structure have potentially 

compromised resilience and resulted in extinctions of local populations. The ability of coho 

populations to recover from disturbance is further diminished by hatchery production where 

there are ecological and genetic interactions that can reduce intrapopulation diversity (Berejikian, 

Mathews, & Quinn, 1996; Kostow, 2009; Noakes, Beamish, Sweeting, & King, 2000).  
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In the Puntledge River, British Columbia, some of the impacts to coho salmon include a 

hydroelectric dam, 40 years of hatchery enhancement, and extensive alterations of the estuary. 

The magnitude and ongoing nature of these impacts, combined with effects of over-fishing and 

climate change, may ultimately compromise the ability for Puntledge coho to persist. While 

hatchery enhancement of Puntledge coho has been a viable solution to mitigate for the dam and 

to supplement fisheries, there are short and long term risks to the sustainability of hatchery 

programs that could affect future production (Fisheries and Oceans Canada [FOC], 2009).  

This thesis examines early life history diversity in coho salmon that reared in a system 

affected by human impacts to habitat and population structure.  The importance of early life 

history diversity was studied in the naturally-reared (non-hatchery) coho adults and Jacks 

(precocious males) that returned to the Puntledge River in 2009. The opportunity to identify life 

history diversity is provided in the otoliths, or “ear bones” of salmon. Otoliths are valuable as 

they incorporate different aspects of a fish’s life history and deposit it as a chemical signature in 

a calcium matrix that locks in the information, allowing it to be traced back to a specific time 

period in the fish’s life. A useful technique involves laser ablation to obtain a chemical signal 

timeline that can be related to specific life stages  (Sanborn & Telmer, 2003). Past experiments 

using Strontium (Sr) and Barium (Ba) relative to Calcium (Ca) have been particularly valuable to 

help discern movements between fresh and salt water habitats (e.g. Elsdon & Gillanders, 2005; 

Zimmerman, 2005). Further information can be obtained by calculating incorporation 

coefficients of various elements from environments known to be used by fish. The environmental 

signatures can then be compared with otolith samples to identify environments likely inhabited 

during specific life stages. Variability in the early rearing signature that exceeds environmental 
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variability can be used to identify migratory behaviour that describes different life history 

patterns.  

Maintaining and enhancing diversity in the management of salmon populations will help 

them to recover and improve their capacity to adapt to changing environmental and ecological 

conditions. This has been recognized in Canada’s Wild Salmon Policy, which identifies sub-

populations of salmon for protection and management based on genetic and spatial differences to 

reflect diversity in salmon populations (FOC, 2005). Holtby & Ciruna (2008) also acknowledged 

the importance of characterizing and protecting diversity at as fine a scale as possible, as it is at 

the finer scales where the inner workings of diversity function and where recovery of impacted 

populations begins.  

Research Objectives 

This study examines life history diversity in mature, naturally-reared coho salmon 

(Oncorhynchus kisutch) from the Puntledge River based on age-at-return and micro-chemistry of 

otoliths during their early rearing phase. Micro-chemistry laid down in daily growth increments 

in otoliths can reflect the environments utilized during early rearing of juvenile coho salmon.  

Differences in otolith chemistry were used to infer differences in early life history of naturally-

reared coho.  Given the importance of early life history diversity to the survival of coho salmon, 

multiple rearing strategies should be evident in the otoliths of returning adult salmon in this 

population. The null hypothesis for this study is: 

Ho: Multiple life history patterns cannot be assessed from  

otolith micro-chemistry in mature coho salmon. 
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Differences in life history patterns were assessed based on: 

1. age structure; 

2. differences in otolith chemistry during rearing;   

3. indicators in otolith chemistry of migratory behaviour during early rearing; and 

4. potential early rearing environments. 

Data were collected in 2009 when over 92% of the 2006 brood year coho returns were of 

hatchery origin. Age composition in the sample was determined from the microstructure of 

scales and otoliths. The crystal structure in the otoliths was used to differentiate unclipped 

hatchery fish from naturally-reared fish. Elemental profiles across the sagittal otoliths that 

corresponded to life stage were gathered using Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry (LA-ICP-MS). Different life history strategies were visually classified from the 

shape and concentration of the Sr:Ca and Ba:Ca profiles that corresponded to early rearing 

periods. Visually-defined life history groups were then tested for statistical validity with 

multivariate analyses using  the means and variances of Sr, Ba, Mg, Mn, Li and Zn (relative to 

Ca) as predictor variables. Agglomerative hierarchical cluster analysis identified cluster groups 

for comparison to visual classification results using the means of Sr and Ba. The results were 

compared to potential early rearing habitat water chemistry and migration between rearing 

environments. Life history diversity assessed in this study cannot be directly related to survival 

rate of the different life history forms as random samples of the juveniles from the 2006 brood 

year were not obtained in time for this study. Recommendations to accommodate life history 

diversity in the management of this population are discussed. 
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Literature Review 

Diversity and salmon survival  

The importance of life history diversity to long term survival of salmon populations has 

an underlying premise that diversity promotes resilience and persistence in salmon ecosystems. 

Waples et al. (2001) investigated patterns in intra-specific diversity of Pacific Salmon and found 

strong correlations between ecological and life history diversity, and genetic and life history 

diversity. Thus, the investigation of life history diversity can identify factors that contribute to 

population persistence and productivity, such as traits that are related to fitness, and the state of 

natural habitats. 

The importance of life history diversity to resilience is exemplified by salmon 

populations that are abundant and diverse compared with those that are depressed and 

fragmented. In Bristol Bay, Alaska, for example, the sockeye populations are made up of 

multiple sub-populations characterized by variability in habitat use, age, and run timing (Hilborn, 

Quinn, Schindler, & Rogers, 2003).  A benefit of this variability has been consistent strong adult 

returns despite wide variation in production from individual populations (Schindler et al., 2010).  

In contrast, Cultus Lake sockeye in the Fraser River, British Columbia, have experienced 

precipitous declines in production since 1995 after years of overfishing reduced the ability of this 

population to adapt to a shift in early migration timing in response to a changing climate (FOC, 

2010). Similarly, Snake River chinook now have highly synchronous life histories and reduced 

production as a result of homogenization of habitats and populations through dam construction, 

flow regulation, and hatchery propagation (Moore, McClure, Rogers, & Schindler, 2010).  

Life history diversity in salmon populations has been attributed to variability in local 

environmental conditions during early rearing (Holtby & Ciruna, 2008; Sinclair & Iles, 1989).  
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Coho have demonstrated local adaptations at fine scales during freshwater rearing, measured as 

differences in behavior, morphology, and genome (Quinn, Dittman, Peterson, & Volk, 1994; 

Swain & Holtby, 1989). Behavior differences in aggression, feeding and dominance of salmon 

fry can lead to spatial segregation and genetically diverse groupings (Quinn et al., 1994). While 

morphological differences in juveniles can be attributed to phenotypic plasticity, they have also 

persisted in some groups of fish despite later mixing in a common environment indicating 

genetic differentiation of traits (Swain & Riddell, 1990; Swain & Holtby, 1989). 

The heritability of traits that contribute to intra-population diversity in coho is 

strengthened by natal homing tendencies.  Natal homing is the return of adults to spawn in their 

natal environment (Dittman & Quinn, 1996). Its contribution to genetically distinct groups of 

salmon within a population involves consistent homing over multiple generations to spatially 

distinct spawning habitats, know as spawning site fidelity. Deviation from this behaviour is 

straying, which occurs when adults spawn in habitats other than those from which they 

originated, or when juveniles disperse from migratory groups that form early in life with a 

consequence on gene flow (Secor, 1999). The effect of strays on genetic diversity is dependent 

on the proximity of the source population, the abundance of strays in the receiving population, 

and whether strays are of hatchery or natural origin. Strays can incur a genetic cost on receiving 

populations where genotypes are unsuitable for that environment (Candy & Beacham, 2000; 

Emlen, 1991; Waples, 1991), benefit genetic diversity through introduction of novel genes that 

contribute to greater genetic variation in the population (Healey, 2009; Policansky & Magnuson, 

1998)  or sustain the frequency of rare alleles in a population through gene flow (Waples, 1990; 

Wehrhahn & Powell, 1987).  
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Speciation within the genus Onchorhynchus was facilitated by high geological activity 

during the Miocene that shaped the diverse landscape of British Columbia (Montgomery, 2000). 

During the Pleistocene epoch (0.01–1.8 MA), major flooding, volcanism, landslides, and 

accretion of new terrains promoted diversification within salmon species (Waples, Pess, & 

Beechie, 2008). With the retreat of the Cordilleran ice sheet, new habitats in British Columbia 

became available and were rapidly colonized by salmon though remained subject to frequent and 

high magnitude disturbance events caused by glacial rebound and sea level rise. Over the last 

~5000 years, the rates of landscape rebound and rising sea levels have slowed, allowing adaptive 

traits that represent unique lineages and diversity within salmon populations to establish (Waples 

et al., 2008). 

Since then, natural disturbance events have varied in magnitude and frequency, and are 

typically associated with landslides, fires, and flooding. These events can periodically decimate 

populations of salmon, though habitat recovery often results in high quality habitat of a complex 

nature that ultimately creates diversity and promotes resilience in new salmon populations 

(Reeves, Benda, Burnett, Bisson, & Sedell, 1995). Flooding provides an example of the 

beneficial impacts of a natural disturbance event on salmon diversity (Coutant & Whitney, 2006; 

Quinn, 2005). Flooding is important to salmon as it provides cues for migration and facilitates 

migration past low-flow barriers. It also provides the energy required to create off-channel 

habitats through erosion and deposition of materials, and ensures nutrient cycling through 

sediment transport to alluvial floodplains. The result is a highly complex environment that 

supports diversity in salmon populations. 

 



LIFE HISTORY DIVERSITY IN COHO SALMON 16 

Impacts to diversity 

The persistence of salmon populations today despite natural and human-caused impacts is 

testimony to their ability to rapidly adapt to a changing environment and survive and benefit 

from emergent  conditions (Quinn, Kinnison, & Unwin, 2001; Quinn, 2005). However, when 

disturbance regimes operate outside the bounds of the historical template to which salmon 

evolved, local populations can become unstable and vulnerable to extinction (Waples et al., 

2009). Further, human activities that alter population structure can inhibit recovery from habitat 

disturbance and prevent restoration and protection of salmon (Hill, Bansak, Ellis, & Stanford, 

2010; Waples et al., 2008). 

Disturbances to salmon habitats have been categorized as either pulse or press events, 

depending on the duration and the effect it has on species (Bender, Case, & Gilpin, 1984; Yount 

& Niemi, 1990).  Pulse events are instantaneous disturbances where salmon habitats can recover 

to a state reflective of pre-disturbance conditions. Examples of this type of disturbance include 

floods, droughts, wildfires and landslides that alter flow, thermal, and sediment supply regimes 

and temporarily impact riparian habitats and connectivity between migration routes (Waples et 

al., 2009). Human-caused impacts to salmon habitats are typically press events which occur over 

a longer duration and result in altered ecosystems.  Examples of press disturbances include 

forestry activities, dam construction, flow regulation, and agricultural and urban development. 

The result is a change from heterogeneous to uniform habitats with altered sediment supply, 

hydraulic, and thermal regimes. The reduced variability in habitats for salmon limits 

opportunities for diversification and promotes synchrony in life history traits (McClure et al., 

2008).  
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While human-caused disturbance to habitats is a significant factor in reducing population 

diversity, changes to population structure can also influence diversity, especially when they 

occur in combination with habitat destruction. Various human activities can change population 

structure, including fisheries, hatchery enhancement, the introduction of invasive species, and 

fragmentation of key habitats. When population structure is altered, there are potential impacts to 

survival strategies such as multiple reproducing populations, life history variation, and 

opportunistic use of habitats (Healey, 2009). This is exemplified in the analysis by Hutchings 

and Myers (1994), who reasoned that the collapse in the cod fishery off of Newfoundland and 

Labrador was due to overharvesting, and not environmental  conditions. Overharvest removed 

the larger, more fecund fish from the population, increased the stochastic variability of size and 

age classes, and shortened the spawning period. There were too few individuals being recruited, 

and the spawning period was not long enough to ensure larvae had access to crucial forage 

conditions when they hatched. Impacts to size, age class, and spawning period from exploitation 

and habitat loss can also reduce persistence in salmon populations. 

 In salmon, hatchery practices can alter population characteristics and introduce a 

significant confounding factor in determining the impacts of habitat degradation and exploitation 

on salmon diversity. Salmon propagation in the Pacific Northwest was developed to build and 

maintain stocks for economic gain and to mitigate for human development impacts (Hilborn & 

Winton, 1993; Lichatowich, 1999; Lichatowich, Powell, & Williams, 2006). With a focus on 

maximum production, historic hatchery practices typically ignored the unique genetic differences 

in salmon between systems and within the same system. Salmon were often transplanted between 

rivers, or selected for their size and run timing, and production was maximized with the 

assumption that the marine environment had a limitless capacity to support salmon (Lichatowich 
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et al., 2006). Though the goal of supplementing natural production remains similar today (FOC, 

2009; Hilborn & Winton, 1993), limits to ocean production and impacts to diversity and fitness 

from traditional practices are now recognized (Knudsen et al., 2006; Lichatowich et al., 2006; 

Thériault, Moyer, & Banks, 2010). This has lead to various modifications in hatchery practices in 

attempts to protect the genetic diversity. 

Hatchery practices in British Columbia involve the collection and artificial spawning of 

local broodstock, and release of hatchery raised fish into the wild at both fry and smolt stages 

(MacKinlay, Lehmann, Bateman, & Cook, 2004). Some of these fish are used to augment non-

hatchery broodstock when they return as adults, or they are allowed to spawn naturally. Genetic 

consequences to salmon populations result from hatchery practices that diverge from the natural 

selection processes and where hatchery progeny comprise a significant proportion of the 

population. Generally, the offspring of naturally-reared salmon are considered “wild”, and those 

reared from egg for at least part of their life cycle are considered “hatchery”. Genetic change 

occurs when small segments of the population are enhanced in a hatchery environment and 

subsequently represent a larger portion of the population than would occur in nature. Breeding 

practices attempt to restrict the consequences of this by randomly pairing broodstock rather than 

selecting for particular morphological traits (Salmon Enhancement and Habitat Advisory Board 

[SEHAB], 2005). However, it is common for broodstock to be selected from a particular run 

timing rather than collecting fish from all segments of the run (Nickelson, Solazzi, & Johnson, 

1988). Further, random selection during the hatchery process can actually hinder fitness in the 

population, as it does not account for sexual selection processes (Fleming & Gross, 1989), and 

differential female reproductive success in the natural environment (Fleming & Gross, 1994). 
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Changes in life history and morphology in hatchery fish that relate to fitness highlights 

the potential for impacts to population structure through genetic interactions. Some observations 

in hatchery salmon include trends towards earlier run timing, age-at maturity, and smaller adult 

size when compared to wild salmon (Knudsen et al., 2006; Nickelson et al., 1988; Thériault et 

al., 2010; Williamson, Murdoch, Pearsons, Ward, & Ford, 2010). These are heritable traits that 

impose selection pressures directly related to those traits (McClure et al., 2008). Indirect genetic 

consequences are also possible when other traits share the same loci in the genetic structure 

(pleiotropy).  However, salmon are unique from most species in that they have a tetraploid 

genome, which acts as a buffer against detrimental effects such as reduced genetic variation from 

inbreeding depression (Allendorf & Thorgaard, 1984). The increased opportunity for genetic 

mutations provided by the duplicate copies of genes helps to sustain genetic variation.  

Puntledge River coho life histories 

The Puntledge River system is located on the east coast of Vancouver Island, British 

Columbia. Puntledge River coho evolved along with other populations on the east coast of 

Vancouver Island to be genetically distinct from lower coastal mainland populations (Wehrhahn 

& Powell, 1987), likely due to differences in their historic use of glacial refuge during the ice 

ages of the Pleistocene (Beacham, Wetklo, Deng, & Macconnachie, 2011). The life histories of 

Puntledge coho today have been influenced by the Puntledge River Dam, as well as from 

hatchery enhancement that operates to mitigate for the impacts of the dam on salmon and to 

supplement fisheries. Human influences on habitat and population structure in addition to the 

dam include logging in the headwaters, fishing, water withdrawal, modification of shorelines 

throughout the river and estuary, storm-water pollution, seal predation, and in-stream fish habitat 

restoration projects. 
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The life history characteristic of Puntledge River coho involves a spring hatch, one 

summer and winter of rearing in freshwater, followed by a smolt migration the following spring. 

After two summers in the ocean the three-year old coho adults return to the river to spawn. Jacks 

are also prominent in the system, and return after only one summer at sea to spawn with the 

adults. Although smaller than the adults on the spawning grounds, Jacks are a viable component 

of the population, finding success in spawning tactics that involve sneaking in at the crucial time 

to contribute sperm while adult pairs are spawning (Gross, 1985). There have also been reports 

of fish that rear for two and three summers in freshwater in this system (Bengeyfield, 1997). It is 

unknown if these fish stay in the river and spawn with the returning adults, or migrate to the 

ocean before returning to spawn.  

Variation in life histories can occur depending on the area of river that spawning occurs, 

the availability of rearing habitats and migration behaviors during early rearing. Coho spawners 

typically enter the river in late September, with peak migration in October. During this time most 

are diverted to the hatchery and sorted for the egg-take; those not used for egg-take are returned 

to the river to spawn naturally or transported for release into Comox Lake within 1 week of 

being diverted. There are also later run timings, with coho observed in the system as late as 

January (Hirst, 1991).  

The most prominent movement of juvenile coho is the spring smolt migration, though 

other migrations occur before this. Some coho migrate directly to the sea as juveniles to rear in 

the estuary during their first summer (Department of Fisheries Canada, 1958; Hamilton, 

Bravender, Beggs, & Munro, 2008; Tryon, 2011). Others carry out regular downstream 

migrations from the lake throughout the year. Coho fry in the upper Puntledge River have been 

observed to move downstream during spring and summer, peaking in early summer (Guimond & 
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Taylor, 2011). Reports in other systems of up and downstream fry migrations indicate that coho 

often move to tributary, off-channel or estuarine habitats late in the year to overwinter (Miller & 

Sadro, 2003; Murphy, Koski, Lorenz, & Thedinga, 1997; Peterson, 1982). The identification of 

diversity in early rearing strategies of Puntledge River coho could present a compelling case to 

ensure that factors contributing to this diversity are protected.  

Measuring diversity 

Historically, fish of the same species were assumed to share the same life histories, and 

variability within the populations were considered to be erroneous and a result of different 

environmental conditions that had no effect on population structure. Sinclair & Solemdal (1988) 

reviewed the historical perspective on the herring collapse in 1808 when scientists explored the 

possibility of overexploitation of multiple distinct sub-populations as the cause. Heincke made 

some major early contributions in the use of multivariate statistics to describe the presence of   

discrete subpopulations, or stocks, of Atlantic herring from 1878 and 1898 (as cited in Sinclair & 

Solemdal, 1988). Heincke’s work was also influential on other important studies of racial 

differences within fish species and causes for those differences. The field of fishery science has 

since refined data collection and analysis techniques, and identified relationships between fish 

population structure and genetics, life history patterns, and ecological systems (Waldman, 2005). 

Life history pattern analysis is a common approach used to differentiate between different sub-

populations of salmon. Migratory timing, habitat use and preference, spawn timing, and natal 

homing behaviour all are phenotypic attributes that vary with environmental conditions and can 

result in discrete spawning populations, and thus have the potential to have genetic effects 

through reproductive isolation over multiple generations. Of particular importance are factors 

that control early growth with subsequent effects on size structure in the population, as size can 
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be directly or indirectly influential on survival, population size and fecundity (Abrahams & 

Healey, 1993; Cunjak, 1988; Holtby & Healey, 1990; Kahler, Roni, & Quinn, 2001; Schlosser, 

1991). Spatial heterogeneity in freshwater habitats can influence early survival by providing 

more opportunities for salmon to survive the influences of competition, predation, forage 

opportunity and aquatic water quality (Abrahams & Healey, 1993; Carl & Healey, 1984; 

Carvalho, 1993). Further, natural variation in early life histories is a large contributor to diversity 

in coho populations. 

The otoliths and scales of fish provide an opportunity to measure variability in early life 

histories. Otoliths are largely composed of CaCO3, most often deposited as aragonite, 

incorporated with trace elements in a protein matrix (Campana, 1999). Age and chemical 

information found in the otoliths provide a valuable tool for interpreting life histories. Age is 

interpreted from the microstructure of otoliths and scales through analysis of “check marks” 

found in increments sequentially deposited during the life of a fish. LA-ICP-MS can detect a 

record of the chemical signature embedded in otoliths that correspond to the life history of the 

fish (Sanborn & Telmer, 2003). This is possible due to the inert and non-cellular nature of the 

otoliths, which ensure that chemicals deposited in the microstructure remain unchanged over 

time (Campana & Neilson, 1985). As the otoliths accrete aragonitic material, chemicals 

associated with the temperature and chemical composition of their environment become 

permanently embedded in the microstructure. The mechanisms for elemental uptake into the 

otolith can be by substitution for calcium or precipitation with a carbonate into the crystal lattice, 

incorporation into the interstitial spaces of the lattice, or association with the protein matrix 

(Campana, 1999). Studies that investigate elements relative to Ca consider elements associated 

with the Ca substitution and carbonate co-precipitation. 



LIFE HISTORY DIVERSITY IN COHO SALMON 23 

Otolith applications in fisheries science typically involve the investigation of patterns in 

migration and habitat use (Campana & Neilson, 1985; Secor, Henderson-Arzapolo, & Piccoli, 

1995). The use of Sr is particularly useful to identify early habitat use in freshwater and 

migrations between fresh and saltwater as it can substitute Ca  in the CaCO3 structure (Elsdon et 

al., 2008; Kennedy, Blum, Folt, & Nislow, 2000). However, relating environmental conditions to 

chemical uptake can be confounded by the influence of physiological processes and the uptake of 

other elements (Elsdon & Gillanders, 2004). For example, the uptake of Sr:Ca during freshwater 

rearing in Atlantic salmon is related to water chemistry, while uptake during marine rearing is 

related to growth and maturation (Friedland, Reddin, Shimizu, Haas, & Youngson, 1998). 

Further, the uptake of Ba has been shown to increase with decreasing salinity (Elsdon & 

Gillanders, 2005) and increase with increasing uptake of Sr in brackish water, but not in seawater 

(de Vries, Gillanders, & Elsdon, 2005). The crystalline structure of the otolith can also influence 

the uptake of certain metals (Campana, 1999), with larger cations such as Sr and Ba being 

preferentially incorporated into aragonitic structures, and smaller cations such as Mg and Mn 

being incorporated into vateritic structures (Melancon, Fryer, Ludsin, Gagnon, & Yang, 2005). 

Given the confounding influences of environment and physiology on the chemical profile in fish 

otoliths, it is important to be explicit about the assumptions and to relate to water chemistry 

whenever possible to validate assumptions that associate otolith chemistry with environmental 

conditions (Elsdon et al., 2008). 

Otolith chemistry provides the opportunity to explore the environmental histories of fish 

through the application of uptake rates of different elements from the environment into the 

otolith. Where habitats differ in their water chemistry, and these differences are evident in the 

otolith profile, the otoliths can be used to identify the proportions of fish that reared in these 
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different habitats through the calculation of incorporation coefficients. Application of 

incorporation coefficients to identify potential rearing habitats has been demonstrated in the early 

rearing phase for many salmonids, including Atlantic Salmon (Kennedy et al., 2000), Arctic 

Grayling (Clarke, Telmer, & Shrimpton, 2007a), cutthroat trout (Wells, Rieman, Clayton, Horan, 

& Cynthia, 2003) and rainbow trout (Faulkner, Lewis, & O’Toole, 2011). Assumptions of this 

analysis are that the element under study does not change once incorporated into the otolith, the 

element changes predictably with environmental conditions, and comparisons between otolith 

samples reflect the same life stage and period of rearing (Elsdon et al., 2008). The strength of 

this analysis occurs when strong differences in otolith micro-chemistry exist; indicating fish 

came from different rearing environments that also have strong differences. While differences 

can identify different environmental histories, they do not imply genetic differences. Further, 

where no differences exist, it does not necessarily imply that fish came from the same rearing 

environment, as there may be a lack of water chemistry information to accurately discriminate 

between environments, or different environments may have similar water chemistries.  

The reconstruction of environmental histories of coho from otolith micro-chemistry can 

be applied to management of intra-population diversity. Currently, Canada’s Wild Salmon Policy 

defines Conservation Units to manage geo-spatial and genetically distinct differences that reflect 

diversity in salmon populations at scales that range from important spawning areas within a 

system to multiple watersheds (FOC, 2005). While different environmental histories detected in 

otoliths do not imply genetic differences, they can infer different rearing environments. As such 

they provide a valuable starting point to identify important habitats and to plan genetic studies to 

determine the extent of diversity and implications for their management.  

 



LIFE HISTORY DIVERSITY IN COHO SALMON 25 

Methods 

Study Area 

The Puntledge River flows for ~17km from the Comox Lake reservoir to its estuary 

where it feeds into the Strait of Georgia (Figure 1). There are two major tributaries, the Browns 

and the Tsolum Rivers, as well as numerous smaller tributaries. The impoundment dam at the 

outlet of Comox Lake was originally developed in 1913, along with a diversion dam ~4km 

downstream. The facilities were expanded to increase water diversion and power generation 

capacity in the 1950’s (Hirst, 1991).  

 

 

Figure 1. Map of the Puntledge River in Courtenay, British Columbia. Adapted from “Puntledge 
Trail Map” by BC Hydro. Retrieved March 12th, 2011, from 
http://www.bchydro.com/community/recreation_areas/puntledge.html. Adapted with permission.  

The river basin geology is primarily bedrock composed of mudstone and siltstone 

overlying sandstone (Cathyl-Bickford, 2001). It is characterized by a controlled hydrologic 

regime, with freshets occurring in the spring and fall/winter seasons coinciding with snowmelt 

and rainfall. BC Hydro ensures minimum base flows, though this may be exceeded depending on 

reservoir capacity and salmon requirements (BC Hydro, 2004). Pulse flows are released four 
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times a year to release extra water, facilitate migration for summer chinook, and provide 

recreational opportunities for kayakers. In the summer, the Puntledge River water source is 

warmed by surface flow that passes over a shallow bench in Comox Lake as it is drawn to the 

outlet. It has a salt-wedge estuary characterized by a large embayment (~2000ha) and river 

channel (Hamilton et al., 2008).  

The Puntledge system supports coho salmon, as well as runs of fall and summer chinook, 

pink, chum, and resident and anadromous rainbow and cutthroat trout.  Coho salmon utilize the 

lake, river, associated tributaries, and the estuary as juveniles and adults. Spawning areas include 

all sections of the river, especially at the mouths and in tributaries, side-channels, and the river 

section immediately below the diversion dam (Hay & Lowe, 2008). Adult coho salmon can 

access Comox Lake, though they must migrate past two natural and two artificial barriers. Both 

natural barriers have been modified with fish ladders, and the artificial barriers with fishways. 

Coho that reach the lake likely have abundant spawning habitat available in several large 

tributaries and associated rearing habitat for the offspring in the lake (M. Sheng, personal 

communication, March 15, 2012). Side-channels, tributaries, and the estuary also provide rearing 

habitat for juveniles.  

Puntledge coho experience multiple pressures that can affect survival, many associated 

with the dam and other human activities. Some of these pressures include:  

• low variability in the hydrologic regime resulting in low flow barriers to migration, 

and reduction in delivery of spawning gravels and sediments, 

• delay of upstream adults where they are drawn to the water source at the tailrace, and 

at the hatchery where they are held for potential use as broodstock, 
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• entrainment of downstream migrants into the turbines when fish diversion screens are 

not operating, 

• heavy recreational use during the summer, which can stress coho juveniles and result 

in increased turbidity, 

• heavy growths of the invasive algae Didymosphenia geminata in the summer months, 

which may impact the benthic food sources for coho (Gillis & Chalifour, 2009), 

• impacts to the upper watersheds in the Tsolum (mining leachate), Browns (logging) 

and Morrison (urban development, logging) systems, as well as logging in tributary 

systems to Comox Lake, 

• recreational fishing pressure in the lower river,  

• impacts to the estuary, including shoreline hardening, storm-water runoff pollution, 

and historical (now ceased) dredging operations, and  

• seal predation in the lower river and estuary. 

Restoration projects include spawning habitats (Guimond, 2007; Guimond & Norgan, 

2003; Silvestri, 2006), off channel rearing habitat development (Guimond, 2005; Guimond & 

Komori Wong Environmental, 2003; Guimond & Norgan, 2003), and nutrient enrichment 

through carcass placement (Wright, 2004). Between 1997 and 2007, the Puntledge hatchery 

released an average of 1.1 million (SD = 0.48 million) coho fry and smolts into the system 

annually (Puntledge Hatchery records). In addition there are enhancement programs on three 

nearby systems (Trent River, Roy Creek and Millard Creek). 

Sample Collection 

Otolith samples were collected from mature Puntledge River coho in the fall of 2009. 

Coho sampled for this study had been diverted ~6.5km upstream from the mouth of the river and 
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held at the lower hatchery for broodstock collection. Sampling took place on November 3rd, 4th, 

5th and 10th, 2009 during the egg-take operations. Those not used for broodstock were later 

returned to the river to spawn naturally. 

The sampling coincided with a coho return year dominated by hatchery fish; 91.6% of the 

adults and 92.2% of the Jacks had an adipose clip indicating hatchery origin (FOC, n.d.) (based 

on counts of coho “swim-ins” that passed through the Puntledge River hatchery). The adult 

returns came from the 2006 brood year when 21,902 enhanced coho had been released as 

unclipped fed fry into Comox Lake in the spring of 2007, and 599,424 were released as  clipped 

smolts into the lower river in the spring of 2008 (Puntledge Hatchery records). Jack returns came 

from the 2007 brood year, when 99,699 enhanced coho had been released as unclipped fed fry 

into Comox Lake in the spring of 2008, and 392,458 released as clipped smolts into the lower 

river in the spring of 2009. Figure 2 illustrates some of the characteristics of coho returns from 

1999 to the year of this study. 
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Figure 2. Trends in escapement and exploitation, number used as broodstock and proportions of 
adipose-clipped (AD) adults and Jacks in the Puntledge River from 1999 to 2009. 

All fish sampled for this study were previously culled and stripped of eggs and milt for 

the Puntledge River Hatchery program. Otolith extraction occurred within 24 hours of culling to 

limit contamination that can result from delayed extraction (Milton & Chenery, 1998; Proctor & 

Thresher, 1998). Scale samples were collected and the post-hyperal length and sex of each fish 

were recorded. 

Of the 1,710 fish collected for broodstock in 2009, all of the 115 unclipped and 39 

randomly chosen clipped coho were sampled for this study. After extraction, otolith samples 

were blotted on paper towel to remove excess moisture and tissue and placed into labeled vials. 
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Scales were collected from the left side of each fish just behind the dorsal fin and below the later 

line and stored between labeled glass slides. 

Otolith Analysis 

Otolith analysis initially required the identification of naturally and hatchery spawned 

fish among the unclipped sample by examining crystallization in the otolith microstructure. 

Otoliths from fish identified as naturally spawned were further analyzed for life history diversity 

from the chemical signature. A small sample of clipped hatchery fish were also analyzed (n=5). 

Crystallization 

Crystallization occurs when vaterite replaces aragonite in the otolith crystal structure 

(Gauldie, Sharma, & Volk, 1997). Otoliths from unclipped coho were inspected under a 

dissecting microscope to discern between hatchery and naturally spawned origin based on the 

presence or absence of crystallization in the otolith microstructure. The premise for this approach 

is based on a study by Sweeting, Beamish, & Neville (2004) that investigated crystallization in 

the otoliths of known hatchery and wild juvenile and adult coho in the Strait of Georgia. Their 

results found that only 12% of known wild coho juveniles had vateritic otoliths, compared to 

~50% vateritic otoliths found in hatchery juveniles. In this study, all 39 otoliths from known 

(clipped) hatchery coho had at least one vateritic otolith.  

The crystallization analysis resulted in three categories in the 115 otoliths from unclipped 

fish: hatchery, unknown, and naturally spawned: 

• Otoliths were determined to be of hatchery origin if there was a significant degree 

of crystallization (vaterite) in at least one of the otoliths. Features of vateritic 



LIFE HISTORY DIVERSITY IN COHO SALMON 31 

otoliths included an opaque centre with translucent outer, excessive fluting 

around the margins and major projections of the otolith body.  

• Otoliths of unknown origin had only small aberrations, such as a small spur, a 

deep furrow at the sulcus, or slight thinning along the edge of an otherwise 

completely aragonitic otolith. Where there was only one otolith available without 

any indication of crystallization, it was placed in the unknown category. 

• Otoliths from naturally spawned salmon appeared to be completely aragontic 

without indications of vaterite; they were opaque and without projections.  

Figure 3 provides examples of otoliths in the three crystal analysis categories. For a detailed 

methodology to determine the presence or absence of crystallization, refer to Sweeting et al. 

(2004). From the otoliths of unclipped Puntledge coho, there were 51 identified as hatchery, 40 

unknown, and 24 naturally spawned.  
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Figure 3. Photo of three left saggital coho otoliths with varying degrees of crystallization. The 
otolith to the left is almost completely vateritic, the middle otolith is slightly vateritic, and the 
right is aragonitic.  

Elemental Analysis 

A sample of 23 naturally-reared (as determined in previous section) and five clipped-

hatchery otoliths underwent elemental analysis using Laser Ablation Inductively Coupled Plasma 

Mass Spectrometry (LA-ICP MS) at the University of Victoria’s School of Earth and Ocean 

Sciences. One of the otoliths considered to be naturally-reared was not included in the analysis 

due to breakage. A random sample of hatchery otoliths were collected from otoliths that were 

mostly aragonitic to prevent breakage during sample preparation, and to avoid errors associated 

with differential deposition of elements into vaterite (Melancon et al., 2005). The right otolith 

from each fish was chosen for analysis.  

Otoliths selected for elemental analysis were cleaned with deionized water, then 

embedded in epoxy to strengthen them (Beuher Epoxy-cure resin). They were then scored and 
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sectioned transversely (dorsal to ventral) using an isomet saw (see Figure 4 for a diagram of 

otolith geometry). The sectioned otoliths were mounted in acrylic tubing filled with epoxy resin. 

The sectioned plane of each otolith was then polished with lapping film, starting with 320 grit 

and proceeding to 600 and 1200 grit. Following this they were polished again using 0-25 

diamond suspension spray and 2500 grit lapping paper. Once a smooth sectioned otolith was 

achieved, it was analyzed using LA-ICP MS. Equipment used for analysis were the UP-213 

Laser Ablation System (New Wave Research) and the X-Series II ICP-MS Scanner (Thermo-

Electron Corporation). 

 

Figure 4. View of the left sagittal otolith showing the anterior (A), posterior (P), dorsal (D), and 
ventral (V) regions. The dashed line indicates the sulcus, located proximal to the brain. 

LA-ICP MS can obtain concentration profiles of chemical elements through a continuous 

line scan that encompasses the entire life of the fish. Data collection and reduction methods are 

similar to that described in Sanborn & Telmer (2003). Elemental analysis involved ablating a 

series of connected 10 um diameter ablation sites across the surface of the sectioned otolith that 
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resulted in a continuous line scan with homogenous depth and geometry. The line scan passed 

through the otolith core, which corresponds to a time shortly after fertilization, and to the otolith 

edges, which indicate the time shortly before sample collection (and spawning). At each ablation 

site one isotope signal for each element (86Sr, 138Ba, 24Mg, 55Mn, 7Li, and 66Zn) was 

measured and averaged over 20 seconds. PlasmaLab software (V. 2.5.3.280, Thermo-Electron 

2003) was used to collect and reduce the data. To separate background signals from the otolith 

chemistry, data were collected for 20 seconds before scanning each otolith. The mean 

background signal was then subtracted from the chemical signal of the otolith to obtain the 

instantaneous isotope concentrations. 

For each isotope, concentration was converted to ratios relative to calcium concentrations 

using a constant calculated by the LA-ICP MS lab at University of Victoria’s School of Earth 

and Ocean Sciences. The constant was determined from the amount of element that would be 

equivalent to 1 mole of Ca by dividing the molar mass of Ca by that of the element and 

multiplying by a factor of 2.5 (N. LaForge, personal communication, December 22, 2010). This 

method is alternative to the method used in the analysis of the rearing environment, which 

assumes that Ca has a fixed weight of 40% in the otolith. As both methods of conversion are 

consistent with the original isotope concentrations, this difference does not change the results of 

the analysis (A. Clarke, personal communication, April 19, 2011). Unless otherwise specified, all 

references to an element in this document refer to its concentration relative to Ca. 

Inconsistencies in the plane otoliths were sectioned and in the path of the line scans 

created issues with interpretation. Because of this, the association of elemental values at a 

specific age did not allow for direct comparison during a specific time period between otoliths. 

However, the elemental periods that corresponded to freshwater and ocean rearing were readily 
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discernible from the Sr signature, which increases with increasing salinity (Radtke et al., 1996; 

Wells et al., 2003; Zimmerman, 2005). 

Age Analysis 

Age was determined using otoliths and scales. Two labs carried out the analysis: one was 

done by Adrian Clarke of Earthtone Environmental R&D, and the other was done by the aging 

lab at the Pacific Biological Station (PBS) in Nanaimo, British Columbia. Mr. Clarke identified 

age based on the microstructure and elemental composition of otoliths and Zn concentrations. 

Where there was a concentration of circuli that coincided with a drop in Zn concentration, this 

was interpreted as a winter check. Halden et al. (2000) indicated that Zn uptake in the 

microstructure of the otolith was low during winters in freshwater, and high during summers. 

The PBS aging lab interpreted age from the microstructure of both the scales and the otoliths.  

Life History Profile Analysis 

Life history profiles of each element were identified along the portion of axis that 

corresponded to post-yolk absorption and early rearing. These stages were determined using Sr, 

which is sensitive to changes associated with salinity in the rearing environment (Radtke et al., 

1996). All otoliths in this study had a peak in Sr in the otolith core, which represents the 

contribution of maternal-derived yolk (Kalish, 1990). A drop in Sr in the core indicated yolk 

absorption, and was typically followed by a low or fluctuating Sr signature that corresponded 

freshwater and/or an estuarine rearing environments (Radtke et al., 1996; Wells et al., 2003; 

Zimmerman, 2005). A sharp rise in Sr to higher concentrations than previous indicated the onset 

of marine migration and rearing. Marine rearing reflected the time fish spent in a full seawater 

environment. The early rearing phase was assumed to encompass both freshwater and estuarine 
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life stages, and was represented by the elemental signature between the end of yolk absorption 

and prior to the onset of  marine migration and rearing. In Figure 5, four profiles illustrate the 

early rearing period following yolk absorption and preceding marine migration. Otolith “a” 

illustrates a period with a slight increase in Sr levels prior to marine migration, likely due to a 

period of estuarine residence. The relatively high Sr concentration in the profile of otolith “b” 

may also be due to estuarine residence. Otolith “c” is a naturally spawned Sr profile that is very 

similar to the typical hatchery profile, “d”. 

 

Figure 5. The Sr profiles of three otolith samples from naturally spawned coho (a, b, and c), and 
one typical hatchery otolith (d). Diamonds bracket the early rearing (ER) profile after yolk 
absorption (YA) and prior to marine migration and rearing (MMR). EstR in “a” represents 
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possible estuarine rearing. Age progresses with increasing distance along the x-axis. The y-axis 
represents the molar concentration of Sr relative to Ca. 

Pattern Analysis and Verification 

 Pattern analysis of elemental profiles for each fish involved 3 steps: 

1. Life history groups were visually identified based on patterns in the rearing 

profiles of Sr and Ba.  

2. To validate visual groups, multivariate ANOVA and discriminant function 

analyses used the means and variances of Li, Mn, Mg, Ba, Sr and Zn as variables 

to test for statistical differences between groups. Unclassified samples were left 

out of this analysis (n=3). 

3. Finally, Sr and Ba profiles were applied to an agglomerative heriarchical cluster 

analysis without any pre-determined groups. Confirmation of the visual groups 

through cluster analysis was considered an independent test of the visual 

determinations. 

All statistical analyses were carried out with XLStat Version 2011.5.01 software. 

Visual Analysis. 

The visual analysis involved categorizing groups with similar Sr and Ba profiles during 

early rearing (post-yolk absorption). The Ba signature during yolk absorption was used to discern 

between groups with similar early rearing profiles. The yolk absorption period was excluded in 

the multivariate analyses to avoid bias associated maternal-derived chemistry. 

Four of the five samples from known hatchery origin had similar Sr and Ba profiles. The 

fifth hatchery sample (UC4, Fig. 6), however, had higher Sr concentrations and a greater range in 

Ba concentrations during early rearing. Since it was clipped and known to be of hatchery origin, 
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it was assumed to be a stray from another hatchery system and was removed from the 

multivariate analyses. Hatchery samples were labelled as “Group 1”. There were also two 

samples from naturally-reared Jack returns whose elemental chemistries were first compared to 

each other using a visual analysis only, and subsequently to potential rearing environments. 

There were only two Jacks analyzed as these were the only ones that were determined to be 

naturally-reared in the crystallization analysis. 

The process of visual analysis followed three steps: 

1. Individual data points for each otolith were compiled into a box plot to identify 

similarities based on elemental concentration and variability.  

2. The shapes of the early rearing chemical signatures were then checked against the 

boxplots groups, resulting in the splitting of some groups that had distinct patterns 

in their Ba signature prior to yolk absorption.  

3. Following placement of otoliths profiles into major groups, there were three 

samples that remained unclassified due to large differences between each other 

and the rest of the samples. These were lumped into one group (termed 

“unclassified”) and removed from the multivariate analysis. 

Figure 6 provides a boxplot of groups that resulted from the visual analysis, including the 

hatchery stray (UC4). Figure 7 illustrates how Ba concentrations during yolk absorption were 

used to differentiate Groups 4 from 5.   
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Figure 6. The Sr and Ba freshwater rearing profiles from otoliths within each life history group. 
Plots show the lower 25% and upper 75% quartiles (boxes), the range in concentrations 
(whiskers), and the medians (horizontal lines). Sample numbers for individual otoliths are 
provided along the horizontal axis. Otolith UC4 in Group 1 was removed from multivariate 
analyses due to different Sr and Ba rearing profiles. The two Jack coho are not included in this 
analysis (Jack otolith chemistry discussed later in text).  
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Figure 7. Sr and Ba profiles of individual otoliths that make up Groups 4 (A and B) and 5 (C, D 
and E). Although individuals in these groups are similar in range and concentration of Sr and Ba 
(Figure 6) during early rearing, there are differences in maximum concentrations of Ba during 
yolk absorption (circled in figure). Diamonds bracket the early rearing (ER) profile after yolk 
absorption (YA) and prior to marine migration and rearing (MMR). Age progresses with 
increasing distance along the x-axis. The y-axis represents the molar concentration of Sr:Ca and 
Ba:Ca. 
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Multivariate Analysis. 

The calculated means and variances for Sr, Ba, Mg, Mn, Li and Zn in the early rearing 

profiles of individuals from Groups 1 to 7 were calculated and used in a multivariate ANOVA 

(MANOVA)  to detect differences between groups. Variables that showed significant differences 

(alpha < 0.10) between groups were applied to a discriminate function (DF) analysis which 

incorporated a second MANOVA. The DF analysis was used to statistically evaluate differences 

between the visual groups and to identify variables that most contributed to group separation. A 

leave-one-out cross-validation method was used to test the ability for the discriminant functions 

to re-classify individual coho into the visual groups (Lachenbruch & Mickey, 1968).  

Tests for normality between groups failed due to small sample sizes (n within each group 

< or = 6) and no attempts were made to normalize the data. As such, analyses applied had to be 

robust to non-normal distributions and small sample sizes. To address non-normality and 

deviations from equality between group covariance matrices, the Pillai’s trace test statistic V was 

used to identify differences between the group variances. Johnson & Field, (1993) found that V is 

robust to covariance heterogeneity, though small sample size increases the Type I error rate. The 

discriminant analysis also assumed independence between variables, prior probabilities, and 

inequality between group covariance matrices. Inequality between group variances were 

confirmed for each MANOVA test, and were found to be significant in all cases (Fisher’s F 

asymptotic approximation: p < 0.0001). 

Means of Sr and Ba in the early rearing profiles of individual otoliths were applied to an 

agglomerative hierarchical cluster analysis to check for congruity with the visual analysis. The 

cluster analysis used a complete linkage (furthest neighbour) method and Euclidean distance to 

measure dissimilarities between samples. The complete linkage method was chosen as opposed 
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to other methods that use the minimum or group mean dissimilarities, as it accounts for 

dissimilarities in the entire sample (Quinn & Keough, 2002). This is similar to the approach used 

in the visual analysis which detected differences between Sr and Ba in the entire sample of 

naturally spawned otoliths relative to the differences found in the hatchery sample. A threshold 

to provide a reference for ‘optimal’ dissimilarity was based on achieving maximum dissimilarity 

in variances between classes, and minimum variance within classes.  

Early Rearing Migration 

To identify differences between rearing habitats, variability in the Sr and Ba rearing 

profiles that could be associated with migratory behaviour (i.e. changes in habitats utilized) were 

analyzed. Migration during early rearing can be an important characterization of life history as it 

has been linked to imprinting, natal homing and reproductive isolation (Dittman, Quinn, & 

Nevitt, 1996; Dittman & Quinn, 1996; Quinn, Volk, & Hendry, 1999; Tilson, Scholz, White, & 

Galloway, 1994). Otolith chemistries are effective in tracing movements between freshwater and 

marine environments (Radtke et al., 1996), and, where significant geological differences exist 

between sub-basins within a watershed (Wells et al., 2003).  

In this study, the coefficient of variation (CV = standard deviation/mean x 100%) of Sr 

was used to reflect movements of coho between different environments. Kennedy et al. (2000) 

has demonstrated that standard deviations can be effective to detect movements in Atlantic 

salmon (Salmo salar). Individual fish whose Sr signature indicated a higher environmental CV 

than would occur naturally within a sub-basin were inferred to have migrated between different 

rearing environments. CV’s in the Ba profiles were also explored, as Murray & Parslow (1999) 
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have identified it to fluctuate with migration if there are strong environmental gradients between 

habitats.  

Environmental variability was calculated from monthly water chemistry samples 

collected during the corresponding rearing period for the adults returning in 2009. Environmental 

samples were collected from the Comox Lake outlet from March 2007 to March 2008 and the 

Tsolum River 500m downstream of Murex Creek from March to September, 2007. Otolith 

chemistry CV was determined after first converting Sr and Ba to the expected molar water 

chemistry relative to Ca using incorporation coefficients, as described in the following section.  

Rearing Environment 

To identify potential freshwater rearing habitats used by naturally-reared coho, 

incorporation coefficients were first calculated from hatchery coho with known rearing 

environments. Incorporation coefficients (also referred to as partition coefficients) are a measure 

of the rate at which otoliths uptake elements from their environment, and are calculated by 

dividing the molar ratio of the element in the otolith by that in the water (e.g. [Mg] otolith/[Mg] 

water) (Campana, 1999). Different elements have different incorporation coefficients, depending 

on their concentrations in the environment, environmental conditions, interactions with other 

elements, and physiological factors. Some, such as Sr, Ba and Mg, have been used to accurately 

discriminate between different environments (Wells et al., 2003).  

Incorporation coefficients calculated from fish that reared in known environments have 

been used to identify water chemistries of rearing environments used by fish of unknown origin 

(Clarke et al., 2007a; Faulkner et al., 2011; Wells et al., 2003). In this study, the rearing 

environment of the clipped hatchery sample was known, as the water source was drawn from the 
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penstocks, which receive water from the upper Puntledge River. At 3.7 km upstream from the 

penstock intake, the Comox Lake outlet was the closest station with water chemistry data, and is 

expected to reflect the rearing conditions of the hatchery sample. Incorporation coefficients were 

calculated from the four clipped hatchery coho (excluding the fifth stray), and water chemistry 

data from March 2007 to March 2008.  Sr, Ba, Mg and Zn concentrations encountered in the 

hatchery were assumed to reflect conditions measured at the outlet of Comox Lake just above the 

dam. These elements were applied to this analysis as their concentrations were available from the 

rearing environments at levels above the laboratory detection limits. Data were obtained from the 

Comox Valley Regional District (Comox Lake outlet) and British Columbia Ministry of 

Environment (Tsolum River). 

The incorporation coefficients were then used to identify the “expected” water 

chemistries encountered by each individual sampled. This was subsequently compared to known 

water chemistry for the Comox Lake outlet and lower Tsolum Rivers. In fish that had been 

determined to move to the estuary during early rearing, only the freshwater rearing profile prior 

to this migration was included (for example, see otolith “a” Figure 5). This was done to facilitate 

comparison of the results with freshwater habitats.  The expected water chemistry was calculated 

for all unknown samples, including the one clipped hatchery stray and the two Jacks. The clipped 

hatchery stray was included to characterize the rearing environment from a stray coho of 

unknown origin. The Jacks were compared to the Comox Lake and Tsolum River rearing 

environments that occurred during their early rearing year in 2008. 

Results 

Crystallization 
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Out of the entire sample of otoliths from unclipped coho (n = 115), 24 appeared purely 

aragonitic and likely to be of naturally-reared origin. All except one of these otoliths (due to 

breakage) underwent subsequent elemental analysis for this study in addition to five otoliths 

from clipped hatchery fish.  

Age 

In the sample of 23 naturally-reared coho examined, otolith and scale analysis indicated 

that two were Jacks (two-year olds from the 2007 brood year) and the remaining were three-year 

old adults from the 2006 brood year. All five hatchery samples were adults. 

Life History Characterization 

Visual Analysis 

The visual analysis of the Ba and Sr early rearing profiles in adult returns resulted in 

seven groups including the known hatchery group, plus three unclassified individuals (Figure 6). 

Several observations were made during the visual analysis: 

• Group 1, the hatchery group, had similar Sr and Ba profiles and little variation in their 

values or about their medians, with exception to the hatchery stray (UC4). 

• The Sr and Ba profiles of Group 2 samples were the most similar to Group 1, but 

more variable about the Sr medians.  

• Although Groups 4, 5 and 6 were similar, they were classified separately:  

o distinctions in the peak Ba signatures during yolk absorption differentiated 

Groups 4 and 5 (Figure 7), and  

o Group 6 had a slightly greater variation and concentration of Ba. 
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• Group 7 was differentiated by much higher Sr values.  

• Group 3 had higher Sr values than Groups 1, 2, 4, 5 and 6, and lower values than 

Group 7 (excluding sample UC4). 

• The hatchery stray (UC4) and the three unclassified samples were distinctly different 

from each other and the other samples. 

Multivariate Analysis 

 Multivariate analysis supported the visually-defined groups but reclassification accuracy 

was moderate. The MANOVA found strong (α  = 0.10) differences between groups when they 

were defined by the predictor variables: mean Sr, Ba, Mn and Ba variance. A MANOVA of the 

visual groups using these variables found the mean vectors, as measured by Pillai’s trace 

statistic, to be significantly different (V = 2.214,  df [24,60],  p = 0.0002, α  = 0.05).  

The first two discriminant functions accounted for over 97% of the variance between 

groups (see Table 1 A in Appendix for details). Overlap between Groups 1 and 2, and between 

Groups 4 and 5 are evident in the plot of discriminant function scores in Figure 8. Standardized 

canonical coefficients revealed that mean Sr contributed the most to group separation in the first 

function, and mean Ba in the second (see Table 2 A in Appendix for details). Reclassification 

success was 59% (Table 1) when using all 7 visually-defined groups (see Table 3 A in Appendix 

for details).  Random allocation of fish to groups with n = 7 would only be 1/7 = 14%.  
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Figure 8. Discriminant function scores of samples defined by otolith chemistry along the early 
rearing profile (variables = means of Sr, Ba, and Mn, and variance of Ba). Axes represent the 
first (F1) and second (F2) functions. Ellipses and straight lines represent 95% confidence 
bounds. Coloured dots identify group membership of individual otoliths.  
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Table 1  

Reclassification of visual groups using leave-one out classification (n = 22). Percentages reflect 
proportion correctly re-classified. 

 

When mean Sr and Ba were applied to an agglomerative hierarchical analysis, similar 

clusters to the visual analysis emerged. There were four distinct clusters based on an optimal 

dissimilarity threshold explained by a between-class variance of 93%, and within-class variance 

of 7%. Figure 9 provides a dendrogram of the clusters that resulted and their original visual 

groups for comparison. The greatest within-class variance (20%) occurred in cluster group “d” in 

Figure 9, the lowest (3%) in cluster group “c”. Cluster results were in agreement with the visual 

groups in the following ways: 

• Cluster group “a” corresponded directly to visual Group 7, which had high Sr values. 

• Cluster group “b” combined Groups 4, 5 and 6. These groups had similar Sr profiles, 

though they differed in their Ba signatures (Figures 6 and 7).  

• Cluster group “c” corresponded directly to visual Group 3. 

• Cluster group “d” included all samples from visual Groups 1 and 2, which were found 

to be similar in the both the visual and DF analyses. 

Visual Group 1 2 3 4 5 6 7 n % correct

1 2 0 2 0 0 0 0 4 50%

2 0 2 0 0 0 0 0 2 100%

3 0 0 6 0 0 0 0 6 100%

4 0 0 2 0 0 0 0 2 0%

5 0 0 0 0 3 0 0 3 100%

6 0 0 2 0 0 0 0 2 0%

7 0 0 3 0 0 0 0 3 0%

Total 2 2 15 0 3 0 0 22 59%

New Group
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The classification of one Group 3 sample (sample #129) into cluster group “d” identified the 

only result that did not agree with the visual determination of life history groups.  

 

Figure 9. Agglomerative hierarchical cluster analysis results using the means of Sr and Ba with 
corresponding visual groups. Euclidean distance shown along y-axis. Otoliths, cluster groups and 
visual groups shown along x-axis. Dashed line indicates optimal dissimilarity threshold, above 
which the greatest differences exist. 

Migratory Behaviour 

Migratory behaviour was indicated from otolith Sr and Ba variability (converted to 

expected water chemistry CV) that exceeded variability in the environment. The CV at each site 

over the period when adult returns would have been rearing as juveniles is provided in Table 2. 

Figure 10 depicts the range in CV’s determined from individual coho otoliths. At the Comox 

Lake outlet, CV (6%) was similar to the expected Sr water chemistry in Group 1. Variability in 
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above which indicated migratory behaviour. Most coho had expected otolith Sr variability that 

exceeded that in the Comox Lake site (Figure 10). Using the Tsolum River threshold, two coho 

samples (sample #’s 102 and 236) had a large enough variation in otolith Sr to indicate migratory 

behaviour. There was a slight rise in Sr along the early rearing profile of these otoliths just prior 

to ocean migration (Figure 11).  Other otoliths profiles (sample #’s 150, 141, 237, 157) had a 

similar rise in Sr before the rapid increase indicating ocean migration, however they neither 

exceeded the Tsolum threshold nor did they have relatively high CV’s. 

Table 2  

Analysis of variability in expected Sr and Ba in Comox Lake outlet and Tsolum River/Murex 
creek water chemistry during rearing periods corresponding to 2006 coho brood. 

 

Comox Tsolum Comox Tsolum 

Mean 0.713 1.503 0.072 0.151

Standard Deviation 0.039 0.335 0.048 0.069

CV 6% 22% 67% 46%

Sr:Ca Ba:Ca
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Figure 10. Expected water chemistry variability from otolith Sr, expressed as the coefficient of 
variation (CV). Otolith samples from individual coho presented along x-axis. Horizontal lines 
represent mean water chemistry variability at Comox Lake (6%) and Tsolum River (22%). 
Asterisks (*) identify coho with a Sr rearing signature that increased before migration to a full 
seawater environment, indicating potential estuarine residence. 

Figure 11. Sr profiles in coho # 102 and 236, both of which exceeded thresholds determined 
from water chemistry analysis to identify migratory behavior. Diamonds indicate the end of yolk 
absorption and arrows the beginning of marine migration. 
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Ba was also analyzed as an indicator of migratory behaviour, though none of the otoliths’ 

Ba exceeded the maximum environmental variability (Figure 12), and only two otoliths exceeded 

variability in the Tsolum site, which had lower variability than the Comox Lake site. One of the 

unclassified coho samples (sample #236) that exceeded the Tsolum Ba variability was also 

identified as migratory in the Sr analysis.   

 
Figure 12. Expected water chemistry variability from otolith Ba:Ca, expressed as the coefficient 
of variation (CV). Otoliths samples from individual coho presented along x-axis. Horizontal lines 
represent mean water chemistry variability at Comox Lake (67%) and Tsolum River (46%).  

Rearing Environments 

Incorporation coefficients calculated from hatchery coho that reared in Comox Lake 

outlet water chemistry were 0.63 (Sr:Ca), 0.0417 (Ba:Ca), 0.0006 (Mg:Ca) and 0.1508 (Zn:Ca). 
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Comparison of the mean molar concentrations of Sr, Ba, Mg, and Zn (relative to calcium) in 

otoliths to known water chemistry conditions revealed a diversity of potential rearing 

environments: 

• The greatest differences between the expected rearing environments inferred from the 

adult otoliths and actual water chemistry at the Comox Lake outlet and Tsolum 

River/Murex Creek sites were found for Sr and Ba (Figure 13).  

• Sr measures indicated most coho reared in environments with water chemistry that 

fell between the two sites, with exception to Groups 4, 5 and 6. 

• Groups 4, 5 and 6 coho otolith chemistry indicated their rearing habitats had slightly 

lower Sr than at the Comox Lake site. 

•  Group 6 and the unclassified groups (including the clipped hatchery stray, UC4) 

potentially reared in habitats with Ba concentrations well above those represented by 

either Comox Lake or Tsolum River measurements.  

• Analysis of Mg differences found that Groups 4 and 5 fell within the upper and lower 

quartiles of Comox Lake water chemistry, while the remainder, with exception to 

UC3 (unclassified sample #3), fell within the range of measured water chemistry 

parameters (Figure 13). 

• UC2 (unclassified sample #2) consistently had elevated concentrations of Sr, Ba, Mg 

and Zn relative to other samples (Figure 13). 

• Environmental Zn was the most variable element in this analysis. 

• Most samples had expected water chemistry ranges that fell within the inter-quartile 

range of environmental Zn in the environment, with exception to UC2. 
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Figure 13. Comparison of actual water chemistry in 2007-2008 to that expected from the rearing 
profiles of adult otoliths (coloured squares) estimated from an incorporation coefficients. Actual 
concentrations show the upper and lower 75%  and 25% quartiles (boxes), the range in 
concentrations (whiskers), medians (horizontal lines), and means (red cross). 

Analysis of life history profiles and expected rearing environments for Jacks found 

different strategies in the two individuals analyzed. One Jack appeared to be representative of the 
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likely reared in the estuary. The Sr profiles for these two life history type are presented in Figure 

15. 

 
Figure 14. Comparison of actual water chemistry in 2008-2009 to that expected from the rearing 
profiles of Jack otoliths (coloured squares) estimated from an incorporation coefficient of 0.63. 
Actual concentrations show the upper and lower 75%  and 25% quartiles (boxes), the range in 
concentrations (whiskers), medians (horizontal lines), and means (red cross). 
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Figure 15. The Sr profiles of the two Jack life history types identified. Diamonds indicate the 
end of yolk absorption and arrows the beginning of marine migration. Coho 118 does not have 
an arrow as there is no clear distinction when it migrated to the ocean. 

Discussion 

Multiple life histories during early rearing were evident in the otoliths of coho salmon 

from the Puntledge River. Two age classes were detected, including 3-year old adults and two-

year old males (Jacks). Of the Jacks, one had an otolith profile that indicated early rearing 

entirely in an estuarine environment. The naturally-reared adults had profiles that could be 

grouped into six early life history groups, in addition to three coho with entirely different rearing 

profiles. Comparison of these groups to water chemistry revealed a range of potential rearing 

environments. Two adult coho demonstrated a rearing history that included both freshwater and 

estuarine environments. While a major concern with this study was small sample size, a visual 

analysis alone allowed for identification of different rearing histories that were largely 

corroborated with statistical approaches.  
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Crystallization Analysis 

To ensure that otoliths examined could be related to natural rearing conditions, it was 

important to accurately differentiate between hatchery- and naturally-reared coho. The use of 

crystallization analysis as a method of detecting hatchery fish was based on a study by Sweeting 

et al. (2004), which found greater vateritic deposition in hatchery fish (46-56%) compared to 

wild (12%). As there is room for error using this type of analysis, some fish in the current study 

may have been misclassified as naturally spawned when they were of unclipped hatchery origin. 

In the known (clipped) hatchery otoliths, all had at least one vateritic otolith, strengthening the 

application of this technique to this study. However, the use of crystallization to discern between 

fish that were released as hatchery fry and reared naturally, and those that were naturally 

spawned introduces some uncertainty. This could have been reduced by comparing otolith 

growth increments between the two groups, as rearing in a hatchery environment tends to 

produce a greater mean width between circuli, with lower standard deviation than in fish that 

reared in the natural environment (Zhang, Beamish, & Riddell, 1995). In the event that some 

hatchery samples were misclassified as naturally-reared coho in this study, these fish still provide 

important information for comparison as they reared for part of their lives in the natural 

environment. 

Age 

There were two age classes found, each with different rearing profiles. This age structure 

is typical for coho, where the majority return to spawn as 3-year old adults after rearing one 

summer in freshwater and two in saltwater and a segment return one year earlier as Jack males 

(Sandercock, 1991). Jacks are a naturally occurring phenomenon in the Puntledge River system. 
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The incidence of Jack coho has been related to genetic factors (Appleby, Tipping, & Seidel, 

2003; Iwamoto, Alexander, & Hershberger, 1984) with expression of this trait requiring rapid 

growth during early rearing (Bilton, Alderdice, & Schnute, 1982). Therefore the example of a 

Jack with an estuarine life stage was not unexpected, as estuaries provide good growing 

conditions for young coho (Murphy et al., 1997; Tschaplinski, 1987), and survivors of this life 

history type have been documented to return precociously (Garrison, 1971; Tschaplinski, 1987). 

This study did not detect fish that reared in freshwater for greater than one year, though these 

have been documented in the Puntledge (Bengeyfield, 1997). 

Elemental analysis of otoliths has the potential to associate segments of the rearing 

profile to life history stages and movement between habitats. For example, the use of LA-ICP-

MS can provide a spatial resolution in a salmon otolith of approximately one month with each 

data point (assuming similar growth rates) (Sanborn & Telmer, 2003). Back-casting to specific 

time periods was not possible in the current study due to inconsistencies in the plane in which 

otoliths were sectioned and the path of the line transect. Results were, however, able to easily 

discern the early rearing and marine rearing profiles in most otoliths.  

Life History Characterization 

The ability to distinguish between different chemical profiles in otoliths is dependent on 

the elements selected for analysis, the amount of time a fish spends in an environment, and the 

rearing habitats having different physico-chemical properties (Elsdon et al., 2008). In this study, 

the use Sr:Ca and Ba:Ca to identify life history groups, potential rearing environments, and 

migratory behaviour was enabled by consistency in the rearing profiles of hatchery fish. 

Consistency in the concentration and shape of the Sr and Ba profiles in hatchery fish compared 

to other samples indicated these elements reflected environmental conditions rather than 
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physiology. The use of Sr and Ba to distinguish between different rearing environments is well 

supported in other studies (Friedland, et al., 1998; Mugiya et al., 1991; Wells et al., 2003). Wells 

et al. found linear relationships between environmental and otolith water chemistry for Sr and Ba 

in cutthroat trout in a system that had distinct differences in water chemistry between sub-basins 

and low inter-site variability. The current study also had different Sr:Ca and Ba:Ca water quality 

at the Comox Lake and Tsolum sites, with low inter-site variability for Sr:Ca at the Comox Lake 

site (Table 2). 

As water quality data was limited to only two sites, linking life history groups to specific 

environments was not possible. Information from other rearing habitats may result in combining 

or splitting some of the life history groups identified in this study, depending on the differences 

between sites. Future projects would benefit from water chemistry data that covers a wider 

breadth of rearing environments. Important systems to include in the analysis are coho habitats in 

the mainstem of the Puntledge River and its tributaries, tributaries to Comox Lake, freshwater 

inflows to the estuary, other areas of the estuary, and nearby systems that may produce strays. 

Further resolution between life history and environment could be achieved through analysis of 

otoliths from juvenile coho known to rear in those environments (Elsdon et al., 2008). While 

elemental uptake was calculated in this study for all coho based on the incorporation coefficients 

of hatchery coho that reared in Comox Lake outlet water chemistry, rates of elemental uptake 

can change with different water chemistry and physical conditions (Elsdon & Gillanders, 2002; 

Elsdon et al., 2008; de Vries et al., 2005). For example, differential uptake of Ba with increasing 

Sr (De Vries et al., 2005) may confound interpretation of results where coho moved to the 

estuary or another high Sr environment during part of their rearing history.  
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Seasonal or physiological changes can alter the rate of chemical uptake in otoliths, 

making it difficult to relate otolith chemistry to different habitats. Experiments with black bream 

(Acanthopagrus butcheri) have found that uptake of otolith Sr was reduced at low temperatures 

compared to high in brackish and seawater salinities (Elsdon & Gillanders, 2004; de Vries et al., 

2005). However, these studies reported temperature effects only at salinities greater than 5 ppt, 

and therefore the results are not directly comparable to freshwater conditions. This analysis 

assumes that the effects of temperature on Sr and Ba uptake are low due to low variability in the 

Sr and Ba profiles from hatchery coho. Friedland et al. (1998) also had low variability in the 

freshwater Sr profiles in otoliths of hatchery-raised Atlantic salmon (Salmon salar). In a different 

sample of wild Atlantic salmon from a known rearing environment, they did not detect a change 

in Sr uptake despite temperature fluctuations of 20°C. Wells et al. (2003) found a similar lack of 

effects between temperature, growth and incorporation of Sr and Ba in the rearing profile of 

cutthroat trout (Onchorhynchus clarki lewisi) otoliths. However, the sample size that 

characterized low variability in this study is too small (n=4) to represent the entire population. A 

larger sample size of fish from known rearing environments would clarify temperature effects on 

the uptake of elements that are not strongly regulated by physiological processes (growth, 

maturation, osmoregulation).  

Life History Groups 

Identifying multiple life history types from otoliths requires a sample representative of 

the population inclusive of the different life history groups (Elsdon et al., 2008). Prior 

probabilities and normal distributions were the assumptions of the multivariate analysis tests 

used in this study, however, small sample size preclude the extension of results to the whole 

population. More information provided by a larger sample size may result in a greater number of 
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life history groups, or in combining some life history groups depending on variability in potential 

habitats. However, confidence in the method of visually analyzing individual profiles is 

strengthened by the multivariate results as they supported the visually defined groups. 

Multivariate methods identified four groups that included two of the visual groups, and 

combinations of four visual groups that had similar Sr and Ba profiles.  

Multivariate ANOVA, discriminant function (DF) analysis and cluster analysis are often 

used to confirm known groups and create models to identify unknown groups of fish (Clarke, 

Telmer, & Mark Shrimpton, 2007; Kennedy et al., 2000; Wells et al., 2003). The visual groups 

determined in this study (n=7, including the hatchery group) were significantly different (p = 

0.0002, alpha = 0.05) using Pillai’s trace statistic (V) when the predictor variables Sr (mean), Ba 

(mean and variance), and Mn (mean) were applied. DF results accounted for over 97% of the 

variance between groups in the first two discriminant functions. Pillai’s trace statistic was chosen 

as it is robust to covariance heterogeneity, though small sample size increases the Type I error 

rate (Johnson & Field, 1993). The consequences of a Type I error are considered to be much less 

than a Type II error where there are the potential for conservation management decisions from 

the analysis (Taylor & Gerrodette, 1993). Even so, future analyses would benefit from a larger 

sample size to increase confidence in statistical results. 

 The multivariate analyses combined visual groups with similar Sr profiles. Groups 4 and 

5 overlapped in the DF analysis along both functions, and were separated from Group 6 mostly 

by the second function, which accounted for 11% of the variance between groups and was 

strongly influenced by Ba. The cluster analysis classified Groups 4, 5, and 6 together. The visual 

analysis found these groups to be similar based on Sr profiles, but differed in their Ba profiles 

during yolk absorption. The profile that corresponded to yolk absorption wasn’t included in the 



LIFE HISTORY DIVERSITY IN COHO SALMON 62 

multivariate analyses due to the potential for the maternal signature to influence results. Both the 

DF and cluster analysis also combined Groups 1 and 2. These results confirm that Group 2 coho 

have a similar rearing profile as the hatchery group, and may have reared in the same water 

source (Comox Lake outlet/Puntledge River) or were misclassified as naturally spawned in the 

crystallization analysis when they were actually unclipped hatchery fish.  

In the DF analysis, the misclassification of some samples into different groups was 

expected as the leave-one-out cross-validation method applies an empirical approach that 

assumes a normal distribution (Lachenbruch & Mickey, 1968), which would be poorly estimated 

due to small group sample size. Despite this, there was 59% reclassification success using 

elements that varied significantly between groups, which is much higher than what would be 

expected by chance alone (i.e. one out of seven chance of random reclassification success = 

14%). As such, these results provide support for the visual method of group separation. The 

hierarchical cluster analysis was in agreement with the visual analysis with exception of where it 

combined groups, explained above, and in one sample from Group 3 that was misclassified in the 

Group 1-2 cluster. There was no consistency between misclassification of this otolith in the 

cluster analysis and reclassification success in the DF analysis, which correctly reclassified all of 

the Group 3 coho. Also, misclassification of the Group 3 sample did not appear to be from 

migration, as it had low variability in the Sr signature (coho # 129, Figure 9). Possible reasons 

for misclassification are that it had the lowest Sr variability and the highest Ba variability within 

its group. 

Migratory Behaviour and Rearing Environments 

Distinct differences in sub-basin water chemistry can be reflected in the otoliths of fish 

(Campana, 1999). On this premise, incorporation coefficients derived from matching otolith Sr 
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in hatchery coho to their known rearing environments allowed for the interpretation of migratory 

behaviour and potential rearing habitats. Kennedy et al. (2000) related isotopic concentrations of 

Sr to movement of Atlantic salmon between freshwater habitats. Their approach of using 

standard deviations was adapted in this study through the calculation of coefficients of variation 

(CV = standard deviation/mean x 100%) to discern movements between early rearing habitats.  

Migratory behaviour found in fish from this study may indicate a greater potential for 

those fish to successfully return to their natal streams and pass on genetic traits associated with 

their survival. Migration during early rearing has been linked with imprinting, natal homing and 

reproductive isolation (Dittman et al., 1996; Dittman & Quinn, 1996; Quinn et al., 1999; Tilson 

et al., 1994). Early rearing migration between habitats can include the estuary. While the 

majority of coho pass through the estuary quickly during their smolt migration, some reside there 

for periods of time that could result in incorporation of intermediate levels of Sr into the otolith 

(Zimmerman, 2005). This movement can be significant in some cases. For example, Miller and 

Sadro (2003) reported that almost half of each brood year in Winchester Creek, Oregon, migrate 

to the estuary as pre-smolts to overwinter. In this study, at least two coho migrated between 

freshwater and the estuary long enough for the differences in Sr to be incorporated into the 

otolith chemistry. Profiles indicate movement into a high Sr rearing environment prior to ocean 

migration. There is the potential that more coho moved to the estuary undetected, as a high 

threshold of CV was used based on variability in the Tsolum River (CV = 22%). Comox Lake 

had a relatively low CV (6%), so it is possible fish moved from this system to the estuary or 

another high Sr environment without reaching that threshold. Indeed, there were 5 other otoliths 

that had a Sr rearing profile similar to the profile of one that moved from freshwater to the 

estuary and resided there before ocean migration (for example, see Figure 5, profile “a”). 
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However, these otoliths did not meet the CV threshold determined from Tsolum water chemistry. 

Investigation of otolith Ba did not find a CV that exceeded the maximum CV in the freshwater 

environments measured in this study (Figure 12). Nor did Ba clearly distinguish between groups 

based on expected and environmental water chemistries (Figure 13). This may be due to 

physiological effects on Ba uptake, and/or the influence of different salinities, which is known to 

cause changes in the rates of Ba uptake (Friedland et al., 1998; de Vries et al., 2005).  

While otolith chemistry inferred an overlap between the actual water chemistry at the 

Comox and Tsolum sites, there were indications of entirely different rearing habitats. This is 

supported in a study by Faulkner et al. (2011), who also investigated habitats in the Puntledge 

River using rainbow trout otoliths, and had similar incorporation coefficients estimated for  coho 

in this study. The Sr:Ca water chemistry  in the Browns River (1.03 mmol/mol) demonstrated the 

highest freshwater Sr measured in their study, and the closest potential rearing habitat water 

chemistry for Group 7 and one unclassified coho (UC2) in this study (1.18-1.19 mmol/mol). The 

current study did not find similarities in potential habitats within the groups identified by Ba, Mg 

or Zn. However, one Jack (sample #118) did indicate a much different rearing environment, with 

both elevated Sr and Ba (Figure 11). The high Sr and Ba found in this Jack likely indicates it 

reared in the estuary (Zimmerman, 2005). This study would benefit from more information on 

water chemistry in the watershed to help match life history groups to potential rearing habitats.  

Finding an estuarine-reared Jack coho that had survived to spawn was important as it was 

not known if this life history strategy was successful in the Courtenay River estuary. Coho are 

largely adapted to rear in freshwater during their first year (Magnusson & Hilborn, 2003; 

Sandercock, 1991). Another interesting feature of the Jack’s chemical profile was that it did not 

indicate a return to freshwater to overwinter before ocean migration, which has been documented 
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in other systems (e.g. Miller & Sadro, 2003) and assumed to occur in estuarine reared coho (see 

review in Koski, 2009). Since there were no water chemistry data collected in the estuary to 

match the profile in the otolith, the results are inconclusive, though highly likely given the stark 

differences in Sr and Ba values found compared to the Comox and Tsolum water chemistry data, 

and compared to other coho in this study. 

Diversity in coho of the Puntledge River may be augmented by strays when they 

contribute to survival or incur a genetic cost when they don’t (Policansky & Magnuson, 1998). 

Strays to the Puntledge River are common, with most strays originating from nearby systems. An 

example from this study is the one known hatchery coho with a rearing profile much different 

from the others (otolith UC4, Figure 10). Labelle (1992) studied straying distances in coho 

salmon and found many ended up in streams within a seven km of their natal stream. Hatchery 

programs on nearby Millard, Roy and Trent creeks also release adipose clipped coho fry and may 

provide a source of strays to this system. However, the origins of strays to the Puntledge River 

have been traced to many creeks along the east coast of Vancouver Island and as far as the 

Capilano and the Chilliwack Rivers on the mainland (FOC, n.d.).  

Recommendations 

Management strategies that would benefit early rearing diversity in coho salmon of the 

Puntledge River involve improving natural spawner success and ensuring access to complex 

rearing habitats, including the estuary. Focus should be on source habitats in the Puntledge River 

important to the metapopulation structure for coho salmon; particularly those habitats that 

contribute the most to production and areas that connect habitats critical to survival (spawning, 

rearing, migration). Metapopulation structure is characterized by spatially discrete spawning 

habitats, asynchronous use of habitats, and the ability for dispersal of adult returns (Schtickzelle 
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& Quinn, 2007). Metapopulations function to stabilize production and maintain genetic diversity 

in fragmented populations through access to multiple and diverse habitats.  Specific management 

actions require further research that identifies threats to metapopulation structure, and links 

management actions to survival and production of Puntledge coho. Many of the risks to 

population structure were mentioned earlier in this paper, and involve the high loss of habitat in 

the Puntledge, the dam and its effects on migration and habitat, and  years of hatchery 

production. Further, when hatchery returns greatly exceed naturally spawned returns, as they did 

in the Puntledge River during the 2009 return year, there is a greater risk of genetic 

homogenization in the population (Independent Scientific Advisory Board, 2000). 

Justification for implementing management actions that promote diversity in life history, 

despite the high risk of a Type I error in this study due to small sample size, is exemplified by 

comparing it to the risk of taking no action. If the null hypothesis is falsely rejected (i.e. life 

history diversity falsely detected) and management actions are implemented, there would be 

extra financial and energy costs that may take away from more meaningful management actions. 

However, the management actions that address diversity in coho also benefit other species, 

therefore the risk is minimized. Alternatively, if the null hypothesis is falsely accepted, 

management decisions may not protect diversity where it exists, with risk of losing important 

features that should sustain coho production and resilience in this system.  

A potential management action that would benefit natural spawner success is to increase 

access to headwater habitats of Comox Lake. Coho historically accessed the lake before dam 

construction, and may still access it through the fishway. Once at the lake, there are abundant 

opportunities for spawners and their subsequent progeny to benefit from habitats at the mouths of 

tributaries, and to escape high summer temperatures in cooler depths in the lake (M. Sheng, 
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personal communication, March 15, 2012). However, current broodstock collection practices 

intended to protect genetic diversity may actually prevent early arrivals from reaching the lake. 

Hatchery protocol currently require holding spawners at the hatchery to obtain a diverse cross 

section of the spawning run before they are collected for egg take (SEHAB, 2005). The 

remaining spawners are released after the egg take; although their delay at the hatchery may be 

less than one week, it may prevent them from reaching the lake and spawning successfully. 

Management actions could involve research into the success of spawners accessing the lake and 

their progeny, and modification of broodstock collection protocol to ensure early arrivals have 

the opportunity to reach the lake. 

The estuary provides both a migration corridor for adults and smolts, and habitats for 

under-yearlings for all or part of their early rearing. The estuarine-reared coho Jack and the 

adults that migrated to rear in the estuary demonstrate the potential for the estuary to contribute 

to survival. Past studies have identified issues and opportunities of the estuary to benefit salmon 

(Hamilton et al., 2008; Tryon, 2011). However, the multitude of human uses associated with the 

estuary, the close proximity to urban and agricultural areas, the need to protect shoreline 

properties from erosion and flooding, and the cost of restoring damaged habitats provide 

constraints to ensuring healthy ecosystem functions that support salmon. For example, retaining 

walls along the estuary shoreline have separated the estuary from its floodplain, reduced refuge 

from predation by resident seals, and reduced off-channel rearing habitat critical to coho that use 

the estuary for some or all of its rearing. Given the essential nature of the estuary in 

metapopulation structure, both as a critical habitat and one that connects to other habitats, it 

warrants the energy and expense associated with its restoration.  
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In-stream habitats that are critical for successful spawning must be verified so that 

strategies to protect and restore them are possible. Current management practices that pose a risk 

to these habitats, or limit opportunities due to flow, temperature or recreational use, need to be 

identified and addressed. For example, current water regulation practices involve the release of 

pulse flows to augment upstream chinook migration and provide opportunities for recreational 

kayak use (BC Hydro, 2004). Implications of these pulse flows on coho juveniles are unknown. 

Studies of the impacts on stranding of rainbow trout juveniles in the Puntledge River have 

identified coho are negatively impacted through stranding at some sites (Faulkner et al., 2011; 

Hay & Lowe, 2008). Conversely, there could be positive impacts of periodic flooding such as 

increased access to riparian food sources (Junk, Bayley, & Sparks, 1989). A risk assessment to 

investigate this may also identify the potential benefit of changes in the pulse flow timings and 

volumes, or the placement of velocity refuges (e.g. large woody debris, boulders) to prevent 

displacement of juveniles.   

Finally, monitoring the effects of management actions on coho is important to ensure 

long-term success. Some of the methods used in this study, as well as suggestions to enhance the 

reliability and interpretability of the data, can be applied as a baseline to evaluate the success of 

management actions. Monitoring is a crucial process that is often low in priority when criteria for 

limited funding require resources be applied to projects that directly benefit fish and fish habitat. 

However, to achieve management objectives, decisions on allocation of habitat restoration funds 

must be informed. For example, knowledge of existing and potential spawner carrying capacity 

would help evaluate the cost and benefit of adding new spawning habitat against that of reducing 

harvest to increase the number of spawners, or of increasing base flows to improve access to 

existing high-water habitat. Further, studying the distribution and use of spawning and rearing 
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habitats will help identify where in the freshwater life cycle that production is limited. Efficiency 

in the way coho are studied and protected will improve confidence in funding allocations and in 

overall management of this species.  

Conclusion 

The variety of early rearing strategies found in Puntledge River coho salmon from this 

study infers a phenotypic plasticity that could contribute towards self-sustaining populations and 

maintenance of juvenile production. This study has demonstrated that otolith micro-chemistry 

assessed with LA-ICP MS analysis provides a viable approach to assess life history variation, 

though confidence in the actual number of life history groups is limited due to the small sample 

size. Otolith micro-chemistry revealed patterns of different habitat use and migration behaviours 

in the sample of coho collected during the 2009 spawning season. Identification of the 

importance of these strategies to the larger population would benefit from further research that 

verified spawners of natural or hatchery origin, provided water chemistry information from a 

wider breadth of potential rearing habitats, and a detailed approach to elemental analysis that 

allowed for back-casting of growth, and timing and duration of early rearing. Further, similar 

studies could enhance our knowledge of population diversity within the Conservation Units 

defined under Canada’s policy to protect Pacific Salmon (FOC, 2005), although the importance 

of habitat diversity is also recognized in the policy. Ensuring that a wide range of habitat types 

are available and accessible to coho of the Puntledge River will allow for greater expression of 

phenotypic plasticity, sustaining genetic variation and contributing to overall population 

resilience and production.  
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Appendix 

Table A 1 

Eigenvalues and % variance explained for each function in DF analysis of mean Sr, Ba and Mn, 

and variance of Ba. 

 

Table A 2 

Standardized canonical discriminant function coefficients. 

 

  

1 2 3 4

Eigenvalue 27.661 3.546 0.836 0.014

% Variance Explained 86.288 11.062 2.608 0.043

Cumulative % 86.288 97.349 99.957 100.000

Function

Variable 1 2 3 4

Ba_Mean 0.316 0.846 0.277 0.478

Ba_Variance 0.211 0.732 -0.524 -0.637

Mn_Mean 0.559 -0.324 0.876 -0.403

Sr_Mean 1.189 0.031 -0.178 0.017

Function
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Table A 3 

Reclassification success of visually-defined groups using discriminant function analysis and the 

predictor variables mean Sr, Ba and Mn, and variance of Ba. 

 

Sample # Prior Posterior 1 2 3 4 5 6 7

185 1 3 0 0 1 0 0 0 0

188 1 1 1 0 0 0 0 0 0

194 1 3 0 0 1 0 0 0 0

272 1 1 1 0 0 0 0 0 0

176 2 2 0 1 0 0 0 0 0

210 2 2 0 1 0 0 0 0 0

102 3 3 0 0 1 0 0 0 0

129 3 3 0 0 1 0 0 0 0

141 3 3 0 0 1 0 0 0 0

157 3 3 0 0 1 0 0 0 0

175 3 3 0 0 1 0 0 0 0

241 3 3 0 0 1 0 0 0 0

167 4 3 0 0 1 0 0 0 0

220 4 3 0 0 1 0 0 0 0

154 5 5 0 0 0 0 1 0 0

238 5 5 0 0 0 0 1 0 0

245 5 5 0 0 0 0 1 0 0

124 6 3 0 0 1 0 0 0 0

127 6 3 0 0 1 0 0 0 0

125 7 3 0 0 1 0 0 0 0

150 7 3 0 0 1 0 0 0 0

237 7 3 0 0 1 0 0 0 0

Group Classification Posterior Group Membership


