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Abstract 

This dissertation describes a proposed methodology for Cumulative Effects Assessment (CEA) 

with the purpose of improving the process by making it both more substantive and quantitative. 

The general principles of the approach include the following: use of effect-based analyses where 

selected Valued Component (VC) sensitivities are identified first and then effect pathways are 

determined building bottom-up linkages from VC sensitivities to potential stressors or 

combinations of stressors to effect drivers and forces behind the drivers. Models were developed 

based on statistical or historic trend analysis or literature review that predicted the responses of 

the VCs to changes in effect drivers. Further, scenarios of divergent futures were created that 

involved different developments of each effect driver or force, and finally the models were 

applied to each scenario to project the state of the studied VCs. A practical implementation was 

conducted to demonstrate the use of the proposed methods on future population trends of two 

anadromous salmon species from the Cowichan River, British Columbia, Chinook and Coho. 

The assessment was conducted for both early freshwater and marine phases of their life.  For the 

freshwater phase, the assessment focused on two main factors affecting salmon survival, 

streamflow and stream temperature and established two main drivers affecting these stressors, 

land use and climate change, and two main forces behind these drivers, Local and Global human 

development driven change, respectively. Effects of stream temperature and streamflow on 

salmon freshwater survival were simulated using two models; one was based on Chinook 

freshwater survival correlations with stream temperature and was developed only for Chinook, 

and the other was based on literature-derived temperature and streamflow thresholds and was 

developed for both species. Connections between the stressors (stream temperature and 

streamflow) and drivers (land use and climate change) were established through a hydrologic 
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model and stream temperature regression model. For the marine environment, models were 

created using Pearson correlation and stepwise regression analysis examining links between 

survival of Cowichan River Chinook and Strait of Georgia hatchery-raised and wild Coho and 

various environmental variables of the nearshore zone of Strait of Georgia and Juan de Fuca 

Strait. The models were applied to project future salmon survival under four future scenarios for 

2050 that were created by combining two opposite scenarios of land use in the watershed, forest 

conservation and development, and two climate change scenarios, extreme and moderate. 

Scenario projections showed a decrease in overall (combined early freshwater marine) survival 

by 2050 for all three studied salmon populations. None of them are likely to survive in scenarios 

with extreme climate change, while scenarios with moderate climate change showed positive 

survival rates although lower than present-day baseline levels. Analysis also showed that land 

use management within the Cowichan River watershed can also affect freshwater survival of 

both Chinook and Coho and marine survival of Chinook through influence of river discharge on 

nearshore processes. However, our land-use management scenarios have considerably weaker 

effect than climate change on salmon survival. Therefore, we conclude that land use 

management alone is not sufficient to offset effects of climate change on salmon survival.        
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Glossary 

Term Definition 

Cumulative Effects 

 

Effects caused by interactions of multiple human activities and 

natural processes that accumulate over space and time (CCME, 

2014). 

Drivers 

 

Human or environmental activities or processes that generate or 

influence stressors (Nelson et al., 2006).  

Effect 

 

Change in environmental component’s state or functionality 

caused by an action of a stressor (Judd et al., 2015). 

Effect indicator Measurable parameters of an environmental component that 

can be used to describe its state and functionality (BC EAO, 

2013).     

Environmental Component 

 

An essential element of the natural environment. It can be an 

ecosystem, habitat, habitat, or a habitat property, physical or 

natural resource, species, group of species (guild) etc. 

(Hegmann et al. 1999). 

Force 

 

Human or natural superior phenomena behind drivers, that 

directly or indirectly cause large ecosystem changes (Laurent et 

al., 2015). 

Scenario Defined version of a possible future (Peterson et al., 2003) 

Sensitivity 

 

Characteristics of an environmental component (also termed 

vulnerability) that makes it susceptible to harm caused by 

exposure to a stressor (De Lange et al., 2010) 

Stressor 

 

Changes in environmental conditions that trigger an 

environmental component’s physiological or behavioral 

responses and affect component’s state or functionality (Selkoe 

et al., 2015) 

Thresholds 

 

A limit of exposure of an environmental component to 

environmental conditions beyond which even a small change in 

these conditions generates rapid change in component’s state or 

functionality (Selkoe et al., 2015)    

Valued Component (VC) 

 

Environmental component that are of concern to the public, 

Aboriginal peoples, and/or government(s) and may be affected 

by projects, policies or other developments (BC EAO, 2013).  
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Chapter 1. Introduction 

In Canada, environmental management of new projects over a certain size and 

complexity is primarily handled through the Environmental Impact Assessment (EIA) process. 

The EIA process is used as an instrument to protect the environment and public from any 

significant potential adverse effects; to influence the decision making of projects during planning 

stages so design of the projects mitigates adverse effects; and facilitate sustainable development 

(Barrow., 1995; Weaver et al., 2008).  

The single-project EIA format has been shown to have low effectiveness at the policy and 

planning levels and in achieving sustainable development since the assessment is limited in 

space (extent of project-related effects) and time (life of the project) (Burris & Canter., 1997; 

Connelly 2011; Jay et al., 2007). Cumulative Effect Assessment (CEA) was developed and has 

been a mandatory part of EIA since 1979 in the USA and 1995 in Canada (Canter and Ross, 

2010; Connelly., 2011). 

CEA “is a systematic process of identifying, analyzing, and evaluating cumulative 

effects”, which are defined as “changes in the environment caused by multiple interactions 

among human activities and natural processes that accumulate across space and time” (CCME, 

2014). In other words, while an individual effect may be minor, when combined with other 

effects a significant environmental impact may be created. CEA normally conducts assessments 

over larger spatial (an ecological region, a bay, etc.) and temporal (beyond the life of the project) 

scales; evaluates all actions and projects within the assessment boundaries and their combined 

effects; and assesses significance of project effects in consideration of other effects (CEAWG, 

2014; Hegmann et al., 1999). In other words, a proposed project has to be evaluated in the 
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context of combined effects of all developments and processes on the ecosystem component 

under evaluation. 

The term “cumulative effects” was first mentioned in 1973 (Canter & Ross, 2010) and 

initially was not widely used. There was no legal requirement for consideration of cumulative 

effects until 1979, when the importance of cumulative effect assessment was recognized, mainly 

due to failure of short-term impacts assessment to address objectives of sustainable development 

(Burris and Canter, 1997; Connelly, 2011;). Even after the introduction of the legal requirement 

for cumulative impacts assessment, also referred to as cumulative impact assessment, in the USA 

and Canada, proper attention was not paid to CEA until the late 1990s due to the absence of an 

acceptable framework or methodologies to implement these concepts (Burris & Canter, 1997; 

Canter & Ross, 2010; Connelly, 2011) and, simply, for lack of commitment from regulators 

(Burris & Canter, 1997).  

Currently, CEAs in Canada mainly follow a Cumulative Assessment Practitioners’ Guide 

(Hegmann et al., 1999) published by the Canadian Environmental Assessment Agency (CEAA). 

This guide is similar to a guide published by the Council of Environmental Quality in the US a 

year earlier (Canter & Ross, 2010). Similar frameworks exist in other countries including, but 

not limited to, the European Union countries, Australia, and South Africa (Canter & Ross, 2010; 

Therivel & Ross, 2007). In general, the cumulative assessment framework can be condensed to 

the following steps:   

• Initiate the CEA process by identifying direct and indirect effects of the 

proposed project on the selected valued components (VCs). VCs are 

biophysical, economic, social, heritage and health properties of the 

environment that are considered important by the proponent, public, First 
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Nations and government agencies, and the scientists involved in the assessment 

process and have the potential to interact with a project ((BC EAO, 2013; 

Milne & Bennett, 2016; Noble & Christmas, 2008). 

• Identify other past, present, and reasonable foreseeable future actions within 

the space and time boundaries that could contribute to cumulative effects on 

the VCs. 

• Assemble appropriate information for each VCs including their historic, 

current and potential future conditions. 

• ‘Connect’ the proposed project and other projects or actions in the CEA study 

area to the selected VCs and their indicators. 

• Assess the significance of the cumulative effects on each VC over the study 

temporal boundaries. 

• Develop mitigation measures for each significant cumulative effect. 

Consideration should be given to multi-stakeholder collaboration to develop 

joint cumulative effect mitigation measures (Canter & Ross, 2010).  

Ideally, CEA would be “an Environmental Impact Assessment (EIA) done well” 

(Hegmann et al., 1999), and the “best way” to achieve sustainable development (Senner, 2011) is 

the use of CEA in Sustainable Development Plans and Strategic Environmental Assessments 

(Canter & Ross, 2010; Connelly, 2011). It is recognized that CEA, when performed properly, 

can offer a means to evaluate the sustainability of alternative actions and their potential long-

term environmental effects (Senner, 2011). 

Unfortunately, current practice of CEA preparation, particularly in project-level EIA, 

mostly fail to assess cumulative effects properly and do not meet the goal of guiding sustainable 
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development for several reasons. CEA in project-level EIA is, from the proponents’ standpoint, a 

regulatory stepping stone. The main focus of the assessment, therefore, is to obtain project 

approval rather than to address sustainable development within the region of operation.  As a 

result, CEA is often treated as a “rubber stamp” exercise and inadequate attention and resources 

are usually allocated to the assessment of cumulative effects (Handysides, pers. com., May 

2016).   

When preparing EIAs, practitioners tend to be narrowly focused on project-specific 

effects and, therefore, wider regional issues may be overlooked. CEAs are typically prepared to 

predict project-specific residual effects on VCs and in other cases, CEAs only assesses 

cumulative effects of other activities within the assessed region, which have effects similar to the 

residual effects determined for the project that prepares the CEA. Ecosystem components for 

which no project-specific residual effects are predicted, therefore, are not assessed in a context of 

cumulative effects from actions and developments other than those related to the project under 

review.   

When assessing cumulative effect significance, project proponents usually evaluate 

effects generated by the project against the combined effects from all activities within the 

defined spatial and temporal boundaries. They rate project-specific effects as percentage of the 

combined cumulative effects and assign significance based on this percentage. Any cumulative 

effects are expected to be rated as “insignificant” and therefore ignorable (Sinclair et al., 2016).  

Project-related EIAs typically also lack mechanisms to quantify the existing state of the 

environment especially at scales broader than project areas. This results in the assessment of 

potential effects on poorly characterized baseline conditions (Dube, 2003). Furthermore, often 
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proponents have inadequate information about other projects in the region and their 

environmental impacts (Therivel et al., 1992). 

Despite the shortcomings of CEA as practised in project-level EIAs, CEA has a high 

potential to be used as a development planning tool at larger geographic, administrative or 

ecosystem scales. This potential can be realized through initiatives that promote the use of CEA 

outside EIA process. These are usually CEAs conducted on a broader, regional environmental 

management level (Dube, 2003) with a focus on characterization of environmental effects from 

multiple stressors.  

These initiatives usually use methods different from those used in project-based CEAs.    

Fisheries and Oceans Canada (DFO) recognizes four methods of CEA: activity-based, stressor-

based, species- or habitat-based, and area-based (Murray et al., 2020). Activity- and stressor-

based methods are primarily top-down approaches, species- or habitat-based are bottom-up 

approaches, while area-based assessment that can incorporate elements of both approaches.      

CEAs within project-specific EIAs mainly use stressor-based (S-B; top-down) methods 

where the emphasis is on local, project-related stressors and their links with environmental 

indicators (or valued components (VCs)), and the potential for environmental effects is assessed 

through stressor-indicator interactions (Dube, 2003). One of the main deficiencies of the S-B 

method is that environmental effects may be underestimated if, as is often the case, project 

stressor/environment linkages are not fully understood (Drouinn & LeBlanc, 1994; Hegmann et 

al., 1999; Munkittrick et al., 2000).    

When used at regional levels as a decision-making tool, CEA practitioners often use 

effects-based (E-B; bottom-up) methods. The E-B method identifies and assesses effects on a 

particular VC over broad spatial scales that may occur due to a potential stressor or interactions 
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of multiple stressors (Cairns, 1986; Munkittrick et al., 2000). The effect endpoints or effect 

indicators in this approach are not stressor-dependent but are essential properties that respond to 

multiple stressors (Lowell et al., 2003).  

Examples of regional initiatives are the British Columbia Cumulative Effects Framework 

(CEF, 2014), the Northern Rivers Ecosystem Initiative (Dube et al., 2006) and the Moose River 

Basin study (Munkittrick et al., 2000). These are multi-stakeholder research initiatives that were 

conducted for specific areas or watersheds on regional or national levels. In addition to 

geographic unit-focused approaches, DFO also conducts assessments of Species at Risk, e.g., the 

St. Lawrence beluga whale study (Williams et al., 2017) and Northeast Pacific resident killer 

whale populations study (Murray et al., 2019) which may or may not be regional in nature.          

In British Columbia, the Cumulative Effects Framework (CEF) was initiated as an 

important part of the Integrated Decision-Making and the Natural Resource Sector 

Transformation initiative (CEF, 2014). CEF takes a strategic approach to assessing and 

managing cumulative effects and its intention is to conduct CEA in the areas where no projects 

are proposed that are reviewed under federal or provincial jurisdictions. The purpose of the 

Framework is to allow management of the resources not on project-by-project basis but on a 

regional basis. One of the key components of CEF is identification of priority values and 

assessment of their future conditions and making this information publicly available as a 

powerful decision support tool (CEF, 2014; MLNFO, 2014). CEF has several priority values that 

it focuses on, including forest ecosystem biodiversity, priority fish and wildlife species, water 

quantity and quality, cultural heritage resources, etc.  

CEF identifies forecasting of the future and its implications for the values as a critical 

element of the assessment (CEF, 2014).  The potential future conditions assessed under CEF 
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include the foreseeable future (5-10 years) and the long-term future (50-100 years). Under CEF, 

CEAs are conducted for large regions by regional teams. The regional assessments conducted up 

to date include the Merritt Operational Trail CEA (Valdal & Lewis, 2015) and the Cariboo-

Chilcotin Broad Scale CEA (Dawson et al., 2015).  

Another example is the DFO’s Beluga Whale study that assessed cumulative effects on a 

single species from multiple stressors, such as loss of prey, underwater noise and disturbance, 

and chemical pollution (Williams et al., 2017). The purpose of the study was to predict the 

response of the beluga population to cumulative changes in environmental conditions in St. 

Lawrence Estuary.   

The regional based CEAs, however, have not become a keystone practice because they 

are mostly promoted by multi-stakeholder initiatives (Culp et al., 2000; Dube, 2006; Munkittrick 

et al., 2000). Unlike project-based studies, regional, species or ecosystem-based CEAs, with 

some exceptions (e.g., Species at Risk Act requires species-based CEA for certain species or 

ecosystem-based CEA applied to ‘critical habitat’ (Murray et al., 2020)), have no legislative 

mechanisms to make them compulsory (Culp et al., 2000; Dube, 2006; Munkittrick et al., 2000). 

The Canadian Impact Assessment Act of 2019 places a higher emphasis on regional impact 

assessments that the previous act, but no obligatory conditions or commitment are stated in the 

new Act.           

Strategic Environmental Assessment (SEA) is another process that is aimed to conduct 

the EIA process at the policy or planning levels and increase its effectiveness on a larger scale 

(Pope et al., 2013). SEA is a strategic initiative assessment for policies, plans and programs 

usually initiated by governments to identify potential environmental concerns associated with 

proposed governmental or industry actions before EIA processes take place. Some SEAs focus 
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on specific industry sectors (e.g. offshore wind or tidal production), a particular type of activity 

(e.g. offshore oil and gas exploration and development), or are focused on a range of different 

activities in a certain geographic area (Azcarate et al., 2013; Doelle et al., 2013; Lee & Walsh, 

1992). The differences between CEA and SEA are often blurry (Pope et al., 2013) and they are 

usually interrelated; for instance, the Canadian Council of Ministers of Environment (CCME, 

2009; Noble & Harriman, 2009) in the document outlining principles and guidance of the 

Regional SEA in Canada states that assessment of cumulative environmental effects is a 

component fully integrated into the SEA process.     

Typically, CEAs tend to focus on a single scenario of future development based on 

conditions of the past, present or short-term future. However, these types of predictions of future 

effects based on one “most likely future” have a high potential to be wrong (Duinker & Greig, 

2007). To address this issue, a scenario analysis methodology was proposed to shift assessment 

from a narrow-focused short-term future forecast towards longer-term perspective (beyond 5 to 

10 years) and wider range of possible futures (Cornish, 2004; Duinker & Greig, 2006; Duinker & 

Greig, 2007; Greig et al., 2004). For example, the Northeast Pacific killer whale CEA (Murray et 

al., 2019) looks at various scenarios for different levels of shipping/noise in the Strait of Georgia, 

prey availability, etc., and projects these for 100 years into the future using population viability 

modelling.  

In the context of assessing future impacts, a scenario is “a structured account of a 

possible future” and differs from a forecast because it takes into consideration uncertainties 

outside of the decision makers’ control (Peterson et al., 2003).  The development of a scenario 

involves looking beyond the expected outcomes, both positive and negative, at the unexpected 

possibilities under different circumstances and defining the most suitable mitigation strategies in 
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response to them.  (Duinker & Greig, 2007).  Scenario analysis must include the processes of 

creation and assessment of a number of alternative reasonable (not incredible) situations, 

distinctly different in causes and outcomes one from another (Schwartz, 1996). The scenario 

analysis should not be mistaken for a forecast. Assigning likelihood or probabilities to the 

scenarios should be avoided (Duinker, 2008).  

Durance and Godet (2010) distinguish between two main kinds of scenarios, exploratory 

and normative. Exploratory scenarios use analysis of past and present trends to construct likely 

futures. Normative scenarios work from alternative pictures of the future, which may be both 

desirable and undesirable, and are formulated in a retro-projective way. Thus, exploratory 

scenarios are not based on societal values, whereas normative scenarios are. These two types of 

scenarios can be either highly similar or highly contrasted to one another, depending upon 

whether they are based on the most probable or the most extreme trends respectively. 

The idea of different scenarios was first introduced by Herman Kahn at RAND 

Corporation who developed several prognoses for the directions the world was heading in the 

last quarter of the 20th century. He based these prognoses on various scenarios radically different 

in key events (Kahn & Weiner., 1967; Peterson et al., 2003). His work was further developed by 

researchers at Stanford Research Institute (Hawken et al., 1982) and analysts at Shell Oil 

corporation (Peterson et al., 2003). Scenarios have been used in the strategic decision-making 

process in business, politics, regional socio-economic and land use development, climate 

projections and various other institutional levels around the world.   

Scenario analysis is used in environmental decision-making and strategic planning on 

global, large regional or sectoral scales. For instance, climate change projections, based on 

emissions scenarios, are used as plausible representations of future climate and used to 
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investigate the potential impacts of climate change (Moss et al., 2010). It includes three phases: 

development of the Representative Concentration Pathways (RCPs) used to project the 

magnitude and extent of climate change (Taylor et al., 2012; Van Vuuren et al., 2011); 

development of RCP-based climate change projections and socioeconomic reference scenarios 

with quantification of population and income development; and integration of RCP and 

development of community-based scenarios (Van Vuuren et al., 2014).  

CCME (2009) promotes evaluation of cumulative effects from multiple sectors under 

different scenarios within the Regional SEA process with the objective to inform a preferred 

development strategy for regional environmental management planning. A methodology of 

scenario development is however, not addressed in the document. 

Duinker and Greig (2007) offer a rationale for using scenario-based methods in EIAs and 

CEAs based for forest management. In Canada, many public-land forest planners are required to 

project wood supplies based on forecasts of future forest conditions for 80 to 200 years. Some of 

these forecasts are based on sophisticated numerical models, which are, most of the time, driven 

by empirically-obtained knowledge of forest succession, response to treatment and natural 

disturbances, such as fire and storms. These models, however, omit the timber-market situation 

which can change rapidly. Neither do they consider climate change which can significantly alter 

patterns in tree reproduction and growth. Scenario-based approaches may offer a way of dealing 

with some of the uncertainties associated with the development of long-term predictions. 

Climate change can be a significant factor in determining the direction which various 

large-scale projects today may take going forward. A scenario-based approach may offer the 

possibility to develop an appropriate mitigation strategy to address such impacts. Duinker and 

Greig (2007) stress the importance of considering a climate change scenario in an example of 
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planning a hydroelectric project with design life-time of 50-100 years proposed in northern 

Manitoba. Climate change may completely change the region’s annual rainfall periodicity and 

distribution, thus seriously affecting viability of the project. 

There are different approaches to the number of scenarios to be developed. Cornish 

(2004) suggests that the ideal number of scenarios considered is five, including optimistic, 

pessimistic, surprise-free (continuation), disastrous, and transformation (miracle) scenarios. 

Creed and Laurent (2015), Duinker (2008) and Laurent et al. (2015) propose an approach where 

scenarios are built on a futures plane defined by two orthogonal axes, which represent two major 

forces, one defined by environmental (or environment-economy) changes, the other by human 

attitudes or values. 

The present research proposes an alternative approach to CEA by combining several 

methods discussed above with the purpose of making the process more substantive and 

quantitative. The main approach of this methodology is the application of quantitative modeling 

on scenario assessment. A quantitative approach is valuable because it provides a more reliable 

and repeatable process for assessing the impacts of multiple stressors on VCs. Since each 

scenario outcome is quantitative, e.g., projected probabilities of effects on the VC, numeric effect 

indicators, etc., they are comparable to each other or to the base scenario representing present-

day conditions (baseline condition) and the rating for each scenario can be based on an overall 

effect size. At the same time the approach must be simple enough so it can be used by a 

practitioner without specialized knowledge in various disciplines. In this dissertation this 

methodology is tested on an example of the Cowichan River watershed with two salmon species 

selected as VCs. The objective of the case study is to demonstrate whether the CEA process of 
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building and application of simplistic modeling and scenario assessment approach works on VCs 

with a complex life history, Pacific salmon. The following are the main elements of our study: 

• The assessment is effect-based. It first identifies effect pathways and effect 

stressors for two anadromous salmon species native to Cowichan River, fall 

Chinook (Oncorhynchus tshawytscha) and Coho (O. kisutch), and based on that 

recognizes effect drivers and forces behind the drivers.  

• The effects pathways and effects are studied in both freshwater and marine 

environments. 

• We develop pathway models that predict future of each of our VCs. 

• Scenario analysis is used to assess effects from a range of alternative futures 

that are logical projections of our selected forces. 

• The assessment is quantitative or semi-quantitative and allows for numerical 

comparison between different scenarios.     

The scenario analysis is aimed to detach the assessment from trying to predict the most 

probable future and shift it towards developing responses to the question “what if?” applied to a 

wide range of plausible alternative futures and motivating preparedness for uncertainties outside 

our control rather than confidence in a given forecast based on a single future. 

The remainder of the dissertation is organized as follows: Chapter 2 will use the 

methodology to assess impacts of climate change and land cover change on survival of the two 

salmon species during the early life stages in the freshwater environment. Chapter 3 will provide 

a similar assessment of salmon survival using the same methodology but for the marine 

environment phase of the species life cycle and chapter 4 will provide the description of the 
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methodology and will show how the methodology can be used to combine these models into a 

scenario analysis and more complete CEA. Chapter 5 will present a conclusion. 
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Chapter 2.   Modeling Future Scenarios of Cowichan River Chinook and Coho Early Life 

Freshwater Survival 

 

Article Information 

Chapter 2 has been prepared as a manuscript for submission to a journal. 

 

Abstract 

Our study conducted cumulative effects assessment on freshwater survival of two Cowichan 

River anadromous salmon species, Chinook and Coho using scenario analysis. The assessment 

was focused on impacts from land use and climate change through two physical properties of 

water: stream temperature and discharge that were deemed the most influential factors for 

salmon freshwater survival. Four future scenarios for 2050 were created by combining two 

opposite scenarios of land use in the watershed, forest conservation and development, and two 

climate change scenarios, more extreme and moderate. Discharge and stream temperature 

conditions were projected using hydrologic and regression models developed using historical 

discharge, stream temperature and weather data. Salmon survival was projected using two 

models: a statistical model using Pearson correlation and stepwise regression based on historic 

Chinook data that links freshwater survival to changes in temperature and discharge, and a 

literature-based temperature and discharge threshold model. Chinook survival was projected 

using both models, while Coho survival was estimated using the threshold-based model only, 

because no Cowichan River-specific data on Coho survival was available. All four future 

scenarios showed a decrease in Chinook freshwater survival from the baseline level of 5.58%. 

Chinook future freshwater survival ranged from 1.64% in the most pessimistic scenario to 4.38% 

for the most optimistic scenario. Coho projected freshwater survival ranged from 1.98% to 

3.01% as compared to the 2.75% literature-based baseline. Scenarios with extreme climate 

change resulted in more negative impacts on salmon survival compared to scenarios with 
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moderate climate change; scenarios with development-oriented land use resulted in more 

negative effect on salmon freshwater survival than conservation-oriented land use scenarios. At 

the same time land use showed a weaker effect on salmon freshwater survival compared to 

climate change, indicating that land use management alone would not be sufficient to mitigate 

effects from climate change on salmon freshwater survival.             

2.1 Introduction 

This study aimed to develop and apply a predictive model for assessing cumulative 

effects using scenario analysis on the early stages of two Cowichan River watershed anadromous 

salmon populations: fall-run Chinook (Oncorhynchus tshawytscha) and Coho (O. kisutch). We 

developed plausible different future scenarios that combined global effects (climate change) and 

local changes (watershed management), and predicted the likely impacts resulting from 

consequences of these effects on the survival of the two populations. The purpose of applying 

different scenarios is to provide new insights into the interaction between global and local effects 

that can be used by policy makers, to enable strategies and planning that will help to increase 

salmon survival rates towards desired outcomes.   

Water discharge and temperature are considered to be the most important factors in 

freshwater success and survival of anadromous salmonids (Sandercock, 1991).  Salmon 

metabolism, feeding rates, growth, embryo and larvae development, timing of migration, 

spawning, freshwater rearing, seaward migration and food availability are all influenced by 

ambient water temperature. High temperatures can block salmon migration, impede growth and 

reproduction, inhibit smoltification, increase risk of diseases, cause physiological stress and 

mortality (Carter, 2005; USEPA, 2001; Richter & Kolmes, 2005). Therefore, changes in stream 

temperature may be detrimental to salmon freshwater survival, particularly in early life stages.    
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River discharge fluctuations are also reported to correlate with overall salmonid success 

(Smoker 1953; Groot and Margolis 1995). Low summer flows are shown to reduce rearing 

habitat causing stranding of juvenile fish in isolated pools, thereby increasing their vulnerability 

to diseases and predation (Cederholm & Scarlett, 1981). Extreme winter floods have negative 

effects on the survival of salmon eggs and juvenile salmon (Burt, 2002; Greene et al., 2005; 

McKernan et al., 1950; Narvel 1978, as in in Sanderkock, 1991; Seiler et al., 1998, 2003), as 

excessive flooding can cause scouring of redds, crushing of eggs by gravel, and sediment 

deposition on eggs (Holtby & Healey, 1986; Montgomery et al., 1996; DeVries, 1997; Lotspeich 

& Everest, 1981). High floods reduce the availability of of slow-water habitats and cause 

displacement of juveniles downstream from their rearing habitats (Latterell et al., 1998). Habitat 

disruption by flooding also causes loss of food in the longer-term since it dislodges stream 

insects from gravel (Mundie, 1969). 

At the same time there is compelling evidence that anthropogenic changes on both global 

and local scales impinge upon river streamflow and temperature (e.g., IPCC, 2013), thereby 

indirectly influencing salmon reproductive success and survival.  At the global scale, streams are 

affected, to varying degrees, by changes in atmospheric temperature and precipitation, while on 

the local scale changes are caused through watershed management, such as land use and land 

cover change. Therefore, future survival and success of freshwater fish populations are 

dependent on the combined impacts of global-scale climate change and local-scale management 

and human behaviour.   

In our scenarios we used combinations of opposing scenarios of climate change as a 

global driver and opposing scenarios of land use as a local driver. We used a hydrological model 

developed for the Cowichan River and statistical analysis to predict the influence of each 
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scenario on river discharge and stream temperature and, consequently, on early-stage survival of 

the two salmon populations in the freshwater environment.      

Many different factors potentially affect salmon survival and success, including stream 

management, habitat restoration, population enhancement, etc. (Burt & Roberts, 2002; V.Komori 

& Assc., 2010).  However, given the constraints imposed by data availability and compatibility, 

for this study we only focused on mechanisms that affect the two physical properties of water 

deemed the most influential in salmon early-stage survival, i.e., discharge and temperature. The 

decision to limit the number of physical factors to be investigated was also made for simplicity 

and practicality. In practice, practitioners of environmental assessments are more likely to 

undertake models that focus on a few important factors than a suite of many factors. Also, 

decisions and human drivers that influence salmon populations directly, such as fishing, and 

fisheries management and conservation measures (fishing restrictions or habitat restoration) were 

deliberately not considered in this assessment but could be added to the analysis in the future.  

2.2 Materials and Methods 

2.2.1 Study Area and Populations 

2.2.1.1 Study Area 
 

The Cowichan River runs in the southeastern part of Vancouver Island, British Columbia 

and discharges into the Strait of Georgia. The total watershed area of the river is 930 km2. The 

headwaters are in a mountainous area in the western part of the watershed with a maximum 

elevation of 1483 m. At the head of the river there is Cowichan Lake at an elevation of 162-165 

m above the sea level. The surface area of Cowichan Lake is approximately 62 km2 and its 

length from west to east is approximately 31 km. The river flows from Cowichan Lake for 
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approximately 45 km and discharges into Cowichan Bay on the eastern shore of Vancouver 

Island.  

 

Figure 1 Cowichan River Watershed Showing Watershed Divisions with Three Water Survey 

Canada (WSC) Hydrometric Stations. 

The river flow is regulated through the weir at Cowichan Lake owned by Catalyst Paper. 

The purpose of the weir, as stated in the water license, is to hold water in the lake to maintain a 

minimum flow of 7.08 m3/s in summer, while allowing water to overflow it freely in winter. 

Normally, storage and controlled release of water from the lake begins some time between late 

March and early May when water stops passing over the top of the weir. After that, water is 

released through the weir gates in a controlled manner to allow water storage to last through the 

summer and maintain the minimum required flow. The weir discharge level below which water 

from the lake is pumped into the downstream river to provide enough fish habitat is set by 
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Fisheries and Ocean Canada (DFO) at 4.5 m3/s, even though historically river discharge has 

fallen as low as 3 m3/s (B. Houle, pers. com., January 29, 2020). The water license also allows 

Catalyst Paper to withdraw 2.83 m3/s for the Crofton Pulp Mill and drinking water for the town 

of Crofton. 

For the purpose of this study, the entire watershed was divided into three areas: the upper, 

middle and lower regions. The upper watershed included areas that drain into Cowichan Lake; 

the middle watershed included the basin of Cowichan River from below the lake dam to a 

hydrographic station at the City of Duncan (08HA011); the lower watershed encompassed areas 

below the hydrographic station to the river estuary.  

 

2.2.1.2 Salmon Populations and Their Resource Needs 

 

Anadromous salmonid populations in Cowichan River mostly consist of fall Chinook (O. 

tshawytscha), Coho (O. kisutch), chum (O. keta), and winter-run steelhead (O. mykiss) salmon, 

and smaller presence of sea-run cutthroat trout (O. clarki) (Burns et al., 1988). There are also 

rarer populations of summer-run Chinook, as well as sockeye (O. nerka) and pink salmon (O. 

gorbuscha) with the latter occurring in the lower Cowichan River. Resident freshwater 

salmonids include indigenous populations of rainbow trout (O. mykiss), cutthroat trout (O. 

clarki), Dolly Varden char (Salvelinus malma), landlocked sockeye salmon (kokanee) in 

Cowichan Lake (Burt & Wightman, 1997) and brown trout (Salmo trutta) that was successfully 

introduced in the 1930s (Lill et al., 1975). Other introduced species in the watershed include 

three-spine stickleback (Gasterosteus aculeatus), prickly sculpin (Cottus asper), pumpkinseed 

(Lepomis gibbosus), and various lamprey species (Lampetra spp.) (Hanelt, 2002, as in V.Komori 

and Assc., 2010). 
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The two anadromous salmon populations that we considered in our study, fall Chinook 

and Coho, have slightly different freshwater adaptation strategies. Both start their major 

spawning migration in mid-October when a large increase in streamflow occurs (to 

approximately 15 m3/s) with spawn taking place mostly in November through December (Lill et 

al., 1975; Neave, 1943; Tompkins et al., 2005). Both species lay eggs in gravel beds (redds) in 

the middle watershed, particularly in the upper 12 km of the river below the lake, which is also 

the location where most juvenile rearing occurs (Burt & Robert, 2002; Bert et al 2005; Lister et 

al. 1979; Nagtegaal and Riddell 1998; Pellet, 2017).  

Chinook egg incubation, hatching, and larvae (alevin) stages in Cowichan River continue 

through the winter until the end of February with the main juvenile (fry) emergence occurring in 

March, although some (later group) emergence may continue until May (V. Komori and Assc., 

2010). Cowichan Chinook fry spend a relatively short time (less than 90 days; Craig, 2015) in 

the river and the majority (early group; 85%) migrate to the lower river/ estuary from April 

through May. The second, much smaller group (15%) migrate to the estuary in May/ June 

(Candy et al., 1995; Healey, 1991; Nagtegaal et al., 2004). Chinook smoltification (adaptation to 

ocean life) occurs in the estuary where Chinook first rear in the shallows (April and May) and 

then in deeper sections (June to August) before migrating to nearshore marine areas of the Gulf 

Islands in the Strait of Georgia in June to September (Atkinson & Pellett, 2018; Thakur et al., 

2018;).         

Coho spend their early stages from egg fertilization through emergence through the 

winter months, with slightly shorter incubation and alevin periods compared to Chinook 

(Atkinson & Pellet, 2018; Craig, 2015; Pearce et al., 2020). Unlike Chinook, Coho juveniles, 

first as fry, then in stages called parr, spend a full year in the freshwater, from March of the 
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emergence year to April of the following year with smoltification and outmigration peaking a 

month later in May.             

2.2.2 Physical Modeling 

2.2.2.1 Hydrological Model 

We developed streamflow predictions for our future scenarios using a daily time-step 

hydrologic model built using Microsoft Excel software that uses basic water balance 

methodologies (Feddema et al., 2013; Mather, 1978; Savage et al., 1996; Thornthwaite 1948). 

The model estimated streamflow using meteorological input data (air temperature and 

precipitation) by partitioning overland runoff from precipitation (Mather, 1978; SCS, 1972), 

estimating potential evapotranspiration (PET; Thorntwaite, 1948), snow accumulation, snowmelt 

(Willmott et al., 1985), soil moisture conditions, actual evapotranspiration (AET), moisture 

surplus and deficit conditions. The model incorporated Soil Conservation Service (SCS) curve 

number (CN) developed to calculate the proportion of precipitation that becomes overland runoff 

(Mather, 1978; SCS, 1972).   Higher curve numbers represented higher runoff conditions, which 

depended on land cover type and antecedent rainfall conditions, with wetter conditions resulting 

in higher runoff.  Standard CNs used were 60/78/90 for CN1/CN2/CN3 (Mather 1978; SCS, 

1972); these numbers could be changed upward or downward depending on soil type and 

thickness, land use (e.g., forest vs urban) and other land cover and climatic conditions (Feddema 

et al., 2013). To simulate water flows for the entire watershed, the watershed was subdivided into 

three regions with each having soil water holding capacity and CNs based on topographic, land 

cover and soil conditions representative of each area. Other assumptions and considerations in 

the model included: adjusted proportions and time lags for both surface and groundwater flows 

that contributed to streamflow after a rainfall event; inclusion of a reservoir and lag of water flow 

across Lake Cowichan; and incorporation of seasonal human flow controls at the weir on Lake 
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Cowichan during the summer period (as specified in the water management plan). The model 

also allowed for representation of global and local climate scale temperature and precipitation 

projections that modified the daily input conditions and allowed for simulation of various climate 

related scenarios.   

The model was calibrated by running it for a 31-year period (January 1st, 1980 to 

December 31st, 2010) using the daily observed maximum and minimum temperatures and 

precipitation from meteorological station Cowichan Lake Forestry (#1012040) located at the 

eastern end of Cowichan Lake, at an elevation of 176.8 m 

(https://data.pacificclimate.org/portal/pcds/map/). Elevation adjustments for temperature (lapse 

rate) and precipitation (percent change) inputs for the upper watershed were based on 

comparisons of data from station Jump Creek (1160 m). The model was validated by comparing 

the results to data from three Water Survey Canada (WSC) hydrometric stations that measure 

Cowichan Lake level (08HA009), discharge from Cowichan Lake to Cowichan River 

(08HA002) and Cowichan River discharge near Duncan (08HA011).  

2.2.2.2 Water Temperature Model 
 

Factors influencing maximum and mean water temperature in the Cowichan River were 

examined through correlation analysis against a number of weather and hydrologic variables. 

Cowichan River daily water temperature data from August 2000 to July 2012 were estimated 

from hourly data recorded by Catalyst Paper at a monitoring station near Duncan (B. Houle, pers. 

com., June 5, 2019). To estimate the water temperature, the same climate and discharge data 

used by the hydrological models were used as predictor variables. First, a Pearson correlation 

analysis was conducted between climate and discharge variables and water temperature and 

variables that showed higher correlation (R<-0.4 and R>0.4) with water temperature were used 

https://data.pacificclimate.org/portal/pcds/map/


23 

 

  

for further analysis. Further, variables that were likely to cause multicollinearity were detected 

using variance inflation factor (VIF) analysis and removed (maximum value for VIF cutoff was 

10).  In the final step, a backward elimination reverse stepwise linear regression analysis was 

used to determine the most statistically significant independent variables influencing water 

temperature. Backward elimination was chosen over the forward selection because in forward 

selection there is a potential that two or more variables that work best with each other will not be 

selected in the final model, or a regressor added at an early step may become redundant because 

of its relationship with regressors added later (Burt et al., 2009). 

2.2.3 Biological Model 

2.2.3.1 Chinook Survival Model 

Data for Cowichan Chinook egg-to-fry survival rates in the Cowichan River were 

available for the period from 1990 to 2001 (Nagtegaal et al., 2004). This information formed the 

basis for determining a relationships between Cowichan River physical variables, such as 

discharge and stream water temperature, and Chinook freshwater survival. Egg-to-fry survival 

rates were calculated as a ratio of naturally-reared Chinook fry abundance in the river to an 

estimated number of eggs produced. The number of produced eggs was derived from the 

estimated number of Chinook female spawners (assuming a 1:1 ratio of female to male 

spawners) multiplied by an average fecundity of 4,024 eggs per female (Nagtegaal et al., 2004). 

We assumed that Chinook egg-to-fry survival is density independent (independent of egg/alevin 

density).     

The examined physical variables expected to impact salmon survival included discharge 

data from the two hydrographic stations and stream temperature values obtained from the 

hydrologic model. The data investigated included monthly, annual, summer, winter and spring 

mean, maximum and minimum values for each parameter. Linkages between stream physical 
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variables and Chinook survival rates were first evaluated using a Pearson correlation analysis 

and variables that showed higher correlation (R<-0.4 and R>0.4) with Chinook survival rates 

were used for further analysis. Variables were then tested for multicollinearity using variance 

inflation factor (VIF) analysis and were removed as appropriate (maximum VIF used for cutoff 

is 7).  In the final step, a backward elimination reverse stepwise linear regression analysis was 

used to determine the most statistically significant independent variables influencing Chinook 

egg-to-fry survival. These variables were used for future survival modeling.  

2.2.3.2 Environmental Thresholds 
 

To simulate environmental impacts on salmon, we used the concept of environmental 

thresholds similar to climate envelope modeling (Feddema et al., 2013; Hijmans & Graham, 

2006; Pearson & Dawson, 2003). We applied temperature and discharge thresholds to each phase 

of the two salmon species freshwater residence to determine their freshwater survival. 

We defined two main phases of Chinook development in Cowichan River once spawning 

has occurred, incubation which occurs during winter (December to February), and fry rearing 

occurring mainly in March and April. We determined six phases in Coho freshwater residence 

from the first winter (egg incubation) to the second spring (smoltification).     

The USEPA (2001) reports that there is little variation in salmonid temperature 

adaptation among different stocks regardless of their geographic locations due to insignificant 

genetic variations in this trait. Therefore, temperature thresholds found in literature are 

considered applicable for Cowichan River salmon stocks.  

The first environmental criterion used in this study was maximum weekly maximum 

temperature (MWMT), which is one of the most commonly used metrics for assessing chronic 

and acute temperature exposure of salmonids (Carter 2005). The MWMT can be used for both 
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sub-lethal and lethal effects; it is also known as the seven-day average of the maximum daily 

temperatures (7-DADM; Carter 2005). 

We conducted a literature-based review of normal temperature ranges and thresholds for 

each life stage of freshwater residence of Chinook and Coho (Beacham & Murray, 1985; Bell, 

1986; Brett, 1952; Brett et al., 1982; Burck 1993; Carter 2005; Flett et al., 1996; Hicks, 2000; 

Lill et al., 1975; McCullough et al., 2001; Murray & McPhail, 1988; Raleigh et al., 1986; Richter 

& Kolmes, 2005; Spence et al., 1996; Sullivan et al., 2000).  Based on the review we develop 

Cowichan River-specific temperature thresholds for each stage of the two species (Table 1).  

Table 1 Cowichan River Coho and Chinook freshwater normal development and survival 

thresholds. 

Stage Timing 

Temperature range 
(° C) 

Discharge range 
(m3/s) 

Lower 
limit 

Upper 
limit 

Lower 
limit 

Upper 
limit 

Chinook 

Incubation December - February 2.0 12.0 4.5 212.0 

Fry rearing March - April 5.0 16.0 4.5 212.0 

Coho 

Incubation December-February 2.0 12.0 4.5 212.0 

Emergence/ fry March - May 4.4 16.0 4.5 212.0 

Summer parr June - September 4.4 24.0 4.5 212.0 

Fall parr October - November 4.4 24.0 4.5 212.0 

Second winter parr December - February 4.4 24.0 4.5 212.0 

Second spring/ smolt March - April 4.4 24.0 4.5 212.0 

 

The second environmental variable used was river flow rates. The current minimum 

discharge level of 4.5 m3/s set by DFO for Cowichan River was used as lower threshold for 

discharge for both species. It should be noted however that, due to the weir management, 

discharge from the lake into the river below was not expected to fall below the threshold level 

from April to October (Craig, 2015).    
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Flood volumes that were considered adverse for freshwater survival are not well 

documented in the literature compared to temperature-based thresholds. Discharge volumes that 

were adverse to early salmon survival seem to be watershed- and population-specific, probably 

due to differences in spawning and rearing ground morphology from one watershed to another. 

Beamer and Pess (1999) found that the impact on Skagit and Stillaguamish River Chinook 

juveniles was significant when peak flow was equal to or exceeded the 20-year flooding event. 

McKernan et al. (1950) stated that winter flooding had an impact on Coho spawning areas in 

Siletz and Coquile rivers in Oregon when the flow was 50% higher than the average flood. 

Effects of winter floods on Cowichan River eggs and juvenile salmon were not studied due to 

inaccessibility of spawning and rearing grounds in winter (V. Komori and Assc., 2010); 

however, Burt and Robert (2002) used 400% of the mean annual discharge (MAD) of 53 m3/s, or 

212 m3/s, as a threshold for Cowichan River Chinook egg-to-fry survival. We assumed that Coho 

was not less vulnerable to winter floods than Chinook. Therefore, we used the same value as the 

upper discharge threshold in our study.     

We assumed that exceedance of the discharge or temperature survival thresholds reduced 

salmon survival. We used a 31-year long model simulation of daily discharge and water 

temperature as input variables to estimate a survival probability. The probability of exceedance 

of the threshold at any stage was estimated as a ratio of the number of days when thresholds were 

exceeded to the total number of days of the stage over which the simulation is run. We used the 

term survival as a probability of simulated favourable environmental conditions (conditions 

within the thresholds) for each stage, estimated as follows: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝐷𝑎𝑦𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑠

𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠
,  

or 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠−𝐸𝑥𝑐𝑒𝑒𝑑𝑎𝑛𝑐𝑒 𝑑𝑎𝑦𝑠

𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠
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Overall freshwater survival was calculated as the product of survivals of all freshwater 

stages.  

We assumed that there are intrinsic mortality/survival rates for each stage of the salmon 

life cycle even if discharge and water temperature conditions are within the “normal” survival 

thresholds. Therefore, we applied our simulated survival rates based on environmental thresholds 

to these intrinsic survival rates.  

In the case of Chinook, we used the survival rates predicted by the regression as the 

“intrinsic” rates and multiply them by the survival based on the thresholds. We do this because 

we assume that the observed independent variables used in the regression analysis of Chinook 

freshwater survival are within the normal survival thresholds and, therefore, the regression does 

not account for potential future threshold exceedances.  

There was no long-term data available on Cowichan River Coho freshwater survival. 

Therefore, we used an average survival rate of 3.4% estimated from literature (Bradford et al., 

2000) as an “intrinsic” Coho freshwater survival on which the estimated threshold-based survival 

rates are applied. The average literature-based survival rate was used for Coho to be consistent 

with Chinook for which threshold-based survival was applied to the regression-predicted average 

survival.           

2.2.4 Scenario Simulations 
 

Future mean Chinook and Coho freshwater survival rates were projected for 2050s by 

running the entire 31-year long hydrological and temperature models and applying the mean 

simulated discharge and temperature values to the survival models. The models were run for the 

existing baseline data (base scenario) and for each of the four future scenarios of projected 

climate and watershed management changes described in this section.    
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2.2.4.1 General Approach 
 

The approach to scenario development was similar to that described in Duinker (2008), 

Creed and Laurent (2015) and Laurent et al (2015). Four scenarios were developed by combining 

two divergent scenarios for each of two forces. A local forcing driver was represented by land 

use management, and a global driver was represented by climate change (Figure 2).  The local 

force, land use management, is related to demographic and socio-economic conditions that 

determine land development. Land use directly affects local hydrologic conditions, such as 

surface runoff and groundwater partitioning.  The two opposing scenarios for local land use were 

conservation and forest restoration on the one side, and land development for logging, 

urbanization and agricultural uses on the other. The second force is climate change, which affects 

air temperature, precipitation, evaporation, runoff, and water temperature. The two opposing 

climate change scenarios depicted were a moderate and a more extreme changes in climate 

conditions, based on opposite extremes of the Representative concentration pathway (RCP) 8.5 

Intergovernment Panel on Climate Change (IPCC) climate change projection (IPCC, 2014). 
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Figure 2. Future Watershed Development Scenarios 

Thus, the four scenarios were forest conservation in combination with moderate climate 

change (Scenario CM), forest conservation and more extreme climate change (Scenario CE), 

land development and more extreme climate change (Scenario DE), and land development with 

moderate climate change (Scenario DM). Detailed description of the scenarios is provided in the 

following subsections.   
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2.2.4.2 Global (Climate Change) Scenarios 
 

Climate change scenarios were based on Global Climate Models (GCM) projections 

using RCP 8.5 greenhouse gas emission scenario (Collins et al., 2013). For the moderate climate 

change scenario (the upper end of the Y axis in Figure 2), we used the 10th percentile values of 

2050 climate projections based on the high-emission climate change scenario RCP 8.5, while the 

90th percentile 2050 projections of the same RCP scenario were used for the more extreme 

scenario (the lower end of the Y axis).  Projections representing two extremes of the same RCP 

scenario were selected because differences between the projected changes for two different RCPs 

(e.g., between RCP 8.5 and RCP 4.5 or RCP 2.6) present less variation compared to differences 

projected from the different models for the same scenario (e.g., Ishizaki et al., 2012; Loder & 

van der Baaren., 2013). The RCP 8.5 was selected because it represents the more realistic, 

“business-as-usual”, scenario (IPCC, 2014). 

Projected temperature and precipitation changes in 2050 were taken from the Pacific 

Climate Impact Consortium (PCIC; https://www.pacificclimate.org/) projections for British 

Columbia (Table 2). With one exception, 10th percentile projections of changes in temperature 

and precipitation were used for the moderate scenario of climate change, while for the extreme 

scenario we use the 90th percentile values. The exception was the projection for summer-time 

precipitation changes, the values for summer were reversed: the calculated 90th percentile 

projected change of 4.2% increase is a moderate change whereas the estimated 10th percentile 

change of 42% decrease is associated with warmer temperature and a more extreme scenario 

(PCIC, pers. com., August 11, 2020).    

 

 

https://www.pacificclimate.org/
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Table 2. Scenarios of changes in temperature and precipitation for Cowichan River valley for 

2050 (PCIC). 

Season 
Moderate Scenario (10%ile) Extreme Scenario (90%ile) 

ΔT⁰ C ΔP, % ΔT⁰ C ΔP, % 

Winter (D-F) 1.8 -0.71 3.3 8.1 

Spring (M-M) 1.7 -5.3 4.3 6.5 

Summer (J-A) 2.0 2.8 4.2 -42.0 

Autumn (S-N) 1.7 -6.4 3.8 12 

 

2.2.4.3 Local Management (Land Use) Scenarios 
 

The two local forces scenarios, Conservation and Development, represented two different 

directions for land use management. The former was directed towards forest restoration and an 

increase in forested land cover, and the latter leading to a decrease in forest cover due to increase 

in logging, as well as an increase in urban and agricultural land uses.      

Currently, forest and dense vegetation occupy approximately 66% of the entire watershed 

area (Table 3; Foster & Allen, 2015). Most of the forest and densely vegetated areas (70%) are in 

the upper watershed (Table 4).  The upper watershed also has most of the clear-cut areas of the 

entire Cowichan River watershed. In total, non-forested areas including clear-cuts, roads, 

urban/residential and agricultural areas make up approximately 27% of the entire watershed.  

Approximately 75% of the urban/residential areas are located in the lower watershed, while the 

middle and upper watersheds contain 21% and 4% of the urban/residential areas respectively 

(Tables 4 to 6).  Agricultural lands currently occupy approximately 3.8% of the total watershed 

area and are mostly concentrated in the lower and middle watersheds (CVRD, 2016). 

The Conservation Scenario 

In this hypothetical scenario we envisioned a decrease in non-forested areas 

(urban/residential and roads) to a plausible minimum of 5% and an increase in forested land to a 
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maximum of 87.8%, with the remaining 7.2% occupied by water. While the choice in land 

purpose transformation was purely arbitrary (e.g., conversion of all agricultural land into forest), 

we felt that this scenario was achievable without population relocation, e.g., through application 

of “green infrastructure” initiatives (Brears, 2018) that include measures to reduce surface runoff 

and increase groundwater recharge. More detailed land use distribution for this scenario and its 

comparison with the baseline conditions and the Development scenario is shown in tables 3 

through 6.  

The Development Scenario 

The Development scenario for land use envisaged a maximum possible development of 

land within the watershed for logging, urban cover and agriculture. This meant a decrease in 

forest area to a minimum of less than one-third of the entire watershed area localized in the 

mountainous, hard to develop, areas in the upper watershed (Tables 3 through 6), and a greater 

extent of agricultural and urban areas in the lower portions of the watershed. 

Table 3. Land Use Scenario Comparison for the Entire Watershed 

Type of land cover 

Baseline 
Conservation 

scenario 
Development 

scenario 

Area (km2) 
% of 
total 

Area 
(km2) 

% of 
total 

Area 
(km2) 

% of 
total 

Total watershed 930.0 100.0 930.0 100.0 930.0 100.0 

Open water bodies 67.0 7.2 67.0 7.2 67.0 7.2 

Urban areas 58.5 6.3 37.2 4.0 144.0 15.5 

Clear-cut areas and roads 159.6 17.2 9.5 1.0 174.5 18.8 

Agriculture 35.0 3.8 0.0 0.0 249.5 26.8 

Forest and dense vegetation 609.9 65.6 816.3 87.8 295.0 31.7 
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Table 4. Land Use Scenario Comparison for the Upper Watershed 

Type of land cover 

Baseline 
Conservation 

scenario 
Development 

scenario 

Area (km2) 
% of 
total 

Area 
(km2) 

% of 
total 

Area 
(km2) 

% of 
total 

Total watershed 594.0 100.0 594.0 100.0 594.0 100.0 

Open water bodies 62.5 10.5 62.5 10.5 62.5 10.5 

Urban areas 2.5 0.4 1.6 0.3 42.0 7.1 

Clear-cut areas and roads 102.1 17.2 6.0 1.0 120.0 20.2 

Agriculture 3.3 0.6 0.0 0.0 159.5 26.9 

Forest and dense vegetation 423.6 71.3 523.9 88.2 210.0 35.4 

 

Table 5. Land Use Scenario Comparison for the Middle Watershed 

Type of land cover 

Baseline 
Conservation 

scenario 
Development 

scenario 

Area (km2) 
% of 
total 

Area 
(km2) 

% of 
total 

Area 
(km2) 

% of 
total 

Total watershed 232.0 100.0 232.0 100.0 232.0 100.0 

Open water bodies 0.5 0.2 0.5 0.2 0.5 0.2 

Urban areas 12.0 5.2 7.6 3.3 42.0 18.1 

Clear-cut areas and roads 41.5 17.9 2.5 1.1 39.5 17.0 

Agriculture 13.7 5.9 0.0 0.0 70.0 30.2 

Forest and dense vegetation 164.3 70.8 221.4 95.4 80.0 34.5 

 

Table 6. Land Use Scenario Comparison for the Lower Watershed 

Type of land cover 

Baseline 
Conservation 

scenario 
Development 

scenario 

Area (km2) 
% of 
total 

Area 
(km2) 

% of 
total 

Area 
(km2) 

% of 
total 

Total watershed 104.0 100.0 104.0 100.0 104.0 100.0 

Open water bodies 4.0 3.8 4.0 3.8 4.0 3.8 

Urban areas 44.0 42.3 28.0 26.9 60.0 57.7 

Clear-cut areas and roads 16.0 15.4 1.0 1.0 15.0 14.4 

Agriculture 18.0 17.3 0.0 0.0 20.0 19.2 

Forest and dense vegetation 22.0 21.2 71.0 68.3 5.0 4.8 
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The parameters modified in the hydrologic model to represent the two land use scenarios 

were: SCS curve number, modifying the partition of infiltrated water to the soil or overland flow; 

water holding capacity, the ability of soil to hold water which changes with soil erosion, 

fractions of overland runoff and groundwater contributing to stream flow over time (days) from a 

precipitation event, rates of partitioning of water surplus to groundwater and the duration of 

these flows to the stream. These changes, in general, resulted in higher surface water runoff 

during precipitation events for the Development scenario and in higher rates of precipitation 

contribution to groundwater and longer water holding in the watershed for the Conservation 

scenario.     

2.3 Results 

2.3.1 Modeling 
 

Calibration results of the hydrologic and water temperature regression models showed 

that both models had high explanatory power. Validation statistics based on Legates and McCabe 

(1999) and Willmott et al. (1985, 2012) are shown in Table 7. The lake level and river discharge 

calibration results were similar to those of a previous modelling conducted for the watershed 

(Foster & Allen, 2015).    

The stepwise temperature regression analysis showed that both mean and maximum daily 

stream temperatures were highly dependent (p < 0.05) on 20-day average air temperature (direct 

correlation) and average daily discharge (inverse correlation). Regression analysis coefficients 

and P-values are shown in Table 8. 

The stepwise linear regression selected maximum water temperature in December and 

mean annual monthly maximum water temperatures of the brood year as factors significantly 

affecting Chinook egg-to-fry survival (Table 8). The regression shows high explanatory power 

(R2 = 0.74; Table 7).  
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Table 7. Hydrological, stream temperature and Chinook egg-to-fry survival model calibration 

and goodness-of-fit statistics (Legates and McCabe (1999); Willmott et al. (1985, 2012)). 

Modeled parameter 
Obs. 
mean1 

Obs. 
MAD2 

Pred. 
mean3 

Pred. 
MAD4 

MBE5 MAE6 dr
7 R28 

Cowichan Lake level 155.9 6.30 162.50 0.40 6.58 0.21 0.98 0.76 

Cowichan Lake 
discharge 

44.30 33.5 44.60 35.60 0.26 10.91 0.87 0.85 

Cowichan River 
discharge at Duncan 

52.40 43.00 54.80 46.30 2.39 14.62 0.87 0.85 

Mean daily stream 
temperature 

11.90 4.80 11.90 4.60 0.00 0.99 0.91 0.94 

Maximum daily 
stream temperature 

12.50 5.00 12.50 4.90 0.00 1.07 0.91 0.94 

Chinook egg-to-fry 
survival 

6.58 3.73 6.58 3.32 0.00 0.02 0.79 0.74 

 

Table 8. Stream temperature and Chinook egg-to-fry survival regression coefficients and P-

values. 

Descriptor Coefficient P-value 

Mean daily stream temperature 

Intercept 3.052 0.000 

20-day average air temperature (°C) 0.902 0.000 

Cowichan River Discharge at Duncan (m3/s) -0.002 0.0001 

Maximum daily stream temperature 

Intercept 3.422 0.000 

20-day average air temperature (°C) 0.934 0.000 

Cowichan River Discharge at Duncan (m3/s) -0.004 3.63E-13 

Chinook survival 

Intercept 0.371 0.099 

Brood year maximum water temperature in December (°C) 0.034 0.003 

Brood year mean monthly maximum water temperature (°C) -0.041 0.018 

 

 
1 Obs. Mean – mean of observed values. 
2 Obs. MAD – mean absolute deviation of observed values. 
3 Pred. mean – mean of predicted values. 
4 Pred. MAD – mean absolute deviation of predicted values. 
5 MBE – mean bias error. 
6 MAE – mean absolute error. 
7 dr – index of agreement. 
8 R2 – coefficient of determination. 
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2.3.2 Scenario Simulations 
 

2.3.2.1 Discharge 

 

The river discharge scenario simulations showed an increase in winter discharge and a 

decrease in summer discharge for most of the future scenarios (Figure 3). The exception was 

Scenario CM (conservation/restoration of forest and moderate climate change) that had lower 

discharge in winter and higher discharge in summer. Scenario CM was closest to the baseline 

(1980 to 2010) conditions while Scenario DE (development of land and more extreme climate 

change) manifested in the highest changes from the baseline with highest discharge in winter and 

lowest in summer. The land use scenarios showed influence on river discharge with the 

conservation scenario moderating the influence of climate change, while land development 

exacerbated climate change effects on discharge.  However, overall the influence of selected 

changes in land use management on stream conditions were smaller compared to those resulting 

from changes due to climate change.      
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Figure 3. Average Scenario Projections for Cowichan River Discharge at Duncan 

 

2.3.2.2 Water Temperature 
 

The water temperature projections showed an increase in stream temperature for all 

scenarios (figures 4 and 5). In comparison to 1980-2010 levels, the most extreme scenario 

(Scenario DE) had an average increase of 3.7°C in annual mean water temperature (3.3°C 

increase in winter and 4.0°C in summer) and of 3.9°C in annual maximum temperature (3.5°C in 

winter and 4.2°C in summer). The most moderate scenario (Scenario CM) projected an average 

increase of 1.5°C in annual mean water temperature (1.5°C in winter and 1.7°C in summer) and 

of 1.6°C in annual maximum temperature (1.6°C in winter and 1.8°C in summer). Variation in 

land use changes showed only weak (<0.32°C ) moderating effects on water temperature. The 
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highest water temperatures for all scenarios were projected in August. The lowest temperatures 

for all scenarios were projected at the end of December – beginning of January.     

 

Figure 4. Average Mean Daily Water Temperature Scenario Projections for Cowichan River 
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Figure 5. Average Maximum Daily Water Temperature Scenario Projections for Cowichan 

River) 

 

2.3.2.3 Chinook Survival 
 

Future scenario projections showed a decrease in Chinook egg-to-fry survival from the 

estimated 1980 – 2010 baseline for all four scenarios (Table 9). The estimated mean baseline 

survival value of 5.6% was reasonably close to the observed 1990 to 2001 mean value of 6.58% 

(Nagtegaal et al 2004). Predicted future survival rates based on the regression methodology 

showed a wide variation between scenarios, ranging from 1.6% (Scenario DE) to 4.1% (Scenario 

CM) survival, or overall decreases in survival relative to the 5.6% baseline by about one fourth 

under the most moderate scenario (CM) to about three fourths below current rates for the more 

extreme scenario (DE). The projected changes in survival mainly resulted from the influence of 
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annual mean water temperature on the regression model predictions, while survival estimates 

based on thresholds showed only marginal variations. The threshold-based projected changes in 

survival were much smaller because even with year-round increases in water temperature and 

winter discharge, these increases during Chinook’s early life residence time (winter and early 

spring) were still mostly within the thresholds used.  

Table 9 Projected Cowichan River water temperature and Chinook egg-to-fry survival.   

Scenario Brood year 
maximum 
water 
temperature 
in December 
(°C) 

Brood year 
mean 
monthly 
maximum 
water 
temperature 
(°C) 

Survival 
Estimates 
using 
regression 
(%) 

Survival 
probability 
based on 
thresholds 
(%) 

Overall 
freshwater 
survival 
estimate 
(%) 

Production 
(smolts) 
per 
spawner 
(individ.) 

Baseline  7.74 14.04 5.79 96.35 5.58 112.00 

DE 11.30 17.96 1.85 88.92 1.64 33.00 

CE 11.02 17.65 2.20 92.92 2.04 41.00 

DM 9.60 15.98 4.17 98.39 4.10 83.00 

CM 9.39 15.75 4.42 98.98 4.38 88.00 

 

2.3.2.4 Coho Survival 
 

Simulated Coho egg-to-smolt survival ranged from 2.1% (Scenario DE) to 3.1% 

(Scenario CM; Table 10). The moderate climate change scenarios (DM and CM) showed 

improvement in projected survival relative to the Baseline Scenario (2.9%) because of increases 

in winter water temperature to more favourable levels.  

Projected survival in scenarios DE and CE was mostly affected by high summer 

temperatures, particularly in August. Projected August water temperatures exceed the upper 

normal juvenile Coho survival limit of 24°C MWMT (Lusardi et al 2020) 76% of the time in 

Scenario DE and 65% of the time in Scenario CE. At the same time, projected discharges did not 

show any exceedances of the lower or upper limits used.      
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Table 10. Projected Cowichan River Coho egg-to-smolt survival. 

Scenario Survival 
estimates based 
on literature (%) 

Survival 
probability 
based on 
thresholds (%) 

Overall 
freshwater 
survival 
estimate (%) 

Production 
(smolts) per 
spawner 
(individ.) 

Baseline  3.40 81.02 2.75 34.00 

DE 3.40 58.36 1.98 25.00 

CE 3.40 66.34 2.26 28.00 

DM 3.40 86.40 2.94 37.00 

CM 3.40 88.52 3.01 38.00 

 

2.4 Discussion 
 

The analysis suggests Cowichan Chinook freshwater production is affected by physical 

variables, such as water temperature and discharge, which, in turn, are dependent on climate 

factors such as air temperature and precipitation and local watershed management. Maximum 

water temperature in December and mean monthly maximum water temperature in the brood 

year can explain 75% of the variability in Chinook egg-to-fry survival (Table 7 and 8). 

When investigating temperature thresholds for both Chinook and Coho, our assumed 

durations and timing window for incubation and fry development were slightly shorter than those 

observed naturally during the baseline period. For instance, Chinook and Coho incubation was 

reported to last through March (Atkinson & Pellet, 2018; Craig, 2015; Pearce et al., 2020), while 

we used December through February average conditions. Incubation and emergence have lower 

upper temperature thresholds than the next stage, fry, therefore the exposure of eggs and alevin 

to higher temperatures in March may decrease salmon survival. However, we assumed that 

warmer water temperatures would accelerate egg hatching and fry emergence so that in the 

future December through February would be the relevant period for these life stages. Using 

Murray & McPhail’s (1988) growing degree day models for emergence for Chinook (920) and 
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Coho (872) in Scenario DE with projected mean water temperatures of 8°C we estimated 50% 

emergence of Chinook and Coho fry on March 9th and March 5th respectively (compared to April 

17th and April 12th for baseline conditions) assuming egg fertilization occurred on December 1st.        

The models showed that Coho had higher survival variability and, generally, lower 

survival rates based on temperature and discharge thresholds than Chinook. This is mainly 

because Coho in the Cowichan River have longer freshwater residence times that includes the 

critical summer rearing period when stream temperatures may reach or exceed upper limits of 

tolerance for normal development and discharges may drop below the minimum levels necessary 

to sustain rearing habitat. This makes Coho potentially more vulnerable than Chinook to future 

changes in stream conditions related to climate change and local management. Coho freshwater 

residence also includes the following winter rearing period, which is also critical for survival due 

to vulnerability of juvenile fish to cold temperature and floods (Lawson et al 2004). The models 

projected that future temperature increases may improve chances for second winter survival, 

while projected frequencies of detrimental floods in the Cowichan River would still be low.         

The statistical analysis showed that Chinook survival was sensitive to stream temperature 

even when temperatures were within the established thresholds. For Chinook, regression-based 

survival projections showed higher variability than threshold-based projections. Similarly, high 

sensitivities to temperature (and discharge) may exist for Coho, and the range of projected 

survival among the scenarios could be greater if we had enough historical data to derive survival-

physical factors relationships. Our predicted range of Coho survival is smaller than observed 

ranges available in the literature (Bradford et al., 2000; Lawson et al., 2004). 

Environmental thresholds and, subsequently, survival estimates, may change depending 

on available data on the use of different physiological and adaptational tolerances that have been 
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suggested in the literature. For instance, we used a MWTM value of 24 °C from Lisardi et al. 

(2020) as the upper temperature threshold for summer Coho fry, although earlier studies reported 

considerably lower tolerance maximums (e.g., 20.3 °C (Bret, 1952); 23 °C (Spence et al., 1996); 

22.5 °C (Sullivan et al., 2000); 22 °C USEPA 1999, as in Carter 2005). Differences among the 

various studies could be a function of adaptation of various stocks to local conditions or 

adaptation to observed increases in temperature or could suggest that there are other mechanisms 

in the natural environment that help adapt to higher temperatures such as increased ecosystem 

productivity and prey availability (Lisardi et al. 2020).     

Another factor to consider when assessing potential effects of threshold exceedance by 

modeled temperature is behavioral adaptation of juvenile salmon to mainstream temperature 

increases. Juvenile Coho in summer use thermal refugia, for example water pockets or pools 

cooled by spring-fed tributaries or groundwater seepage (V.Komori and Assc., 2010; T. 

Rutherford, pers. com., November 20, 2021), which is a known strategy of juvenile salmon 

during freshwater rearing when mainstream temperature becomes too high (Beechie et al., 1994; 

Reeves et al., 1989).    

River discharge in our study had less of an impact on salmon survival than stream 

temperature. This could be either because the streamflow in Cowichan River is regulated and, 

therefore effects from extreme drought are mitigated, or because we are underestimating effects 

of low and high discharges because of lack of watershed-specific data (V. Komori and Ass., 

2010). However, in our study the role of streamflow is twofold. Beyond direct impacts it also 

helps to regulate stream temperature. Through these two mechanisms it plays a significant role in 

determining salmon freshwater survival. 
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Our study suggests that water flow and temperature management are important factors in 

maintaining salmon stocks. Discharge and temperature management can be achieved through 

land use and land cover management in the watershed. Possible strategies include Cowichan 

Lake discharge and storage management, groundwater exchange management through increasing 

alluvial system complexity, increase in riparian shading, channel management including removal 

of stream impoundments (debris), reduction of water withdrawal, etc. (Beschta, 1997; Norton & 

Bradford, 2009; Poole & Berman, 2001a, b).      

Manipulation of Cowichan River flow through discharges from Cowichan Lake already 

plays a major role in juvenile salmon survival by storing some excess water in the winter and 

providing enough water flow in the river through the summer and early fall (Craig, 2015). 

However, it has been reported that the dam design is no longer adequate to provide even the 

minimum discharge level of 4.5 m3/s through the summer, due to increasingly frequent drought 

conditions observed in the last two decades (Compass, 2018). In some recent years, discharge 

from the lake had to be reduced to as low as 4 m3/s to allow streamflow to last through the 

summer (Brian Houle, pers. com., January 31, 2020). Even though historically river discharge 

has fallen as low as 3 m3/s (Brian Houle, pers. com., January 31, 2020) frequent low discharges 

in combination with higher stream temperatures, in part resulting from low flow rates, may have 

detrimental effects on juvenile salmonids. Therefore, a Public Advisory Group (PAG) for a 

Cowichan Water Use Plan has been considering alternative strategies that include a proposal to 

increase weir height by 0.7 m and to start outflow controls one month earlier than currently 

(Compass 2018). This increase in weir height will reportedly provide sufficient water storage to 

augment summer and fall flows for salmonids. Even though the measure is aimed to provide 
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enough water to sustain fish habitat, it will also lead to a decrease in summer water temperature 

as an inverse correlation between discharge and temperature is found in this study.    

Other factors influencing survival and success of salmonids in Cowichan River include 

availability and quality of spawning habitats, unrestricted passage to spawning habitat, water 

quality (suspended sediment load, pollutants), and quality of riparian habitat. It has been reported 

that survival of salmon eggs and alevins was reduced in some areas of Cowichan River affected 

by elevated rates of natural sedimentation and accelerated bedload due to decreased bank 

stability and increased erosion (V.Komori and Assc., 2010). 

Other measures that can contribute to improvement of salmonid survival in Cowichan 

River besides streamflow and temperature management include habitat restoration, 

improvements to access/habitat quality and quantity in off channel sites, bank protection, erosion 

control, debris removal etc. (LGL 2005, as in V.Komori and Assc., 2010).     

We only investigated freshwater survival of two salmon species in their early life stages 

from egg fertilization to smolt migration to the marine/estuarine environment. Another critical 

stage of anadromous salmon freshwater residence is adult return and spawning, which for both 

our species occurs in the fall. Stream flow and temperature also play an important role in 

spawner survival and success (Bell, 1986; Brett, 1952; Burck, 1993; Carter, 2005, Hicks 2000; 

Neave, 1943; Tompkins et al., 2005). For instance, delayed fall discharge may delay salmon runs 

into the river resulting in fish accumulation in the estuary and increased death from predation.  

Also, a greater proportion of adult spawners spawn in the lower reaches of the Cowichan River, 

as low as downstream Duncan in years of low flow during the upstream migration period 

(Nagtegaal & Riddel, 1998). Higher water temperature during migration and spawning may 

interrupt normal processes, increase the risk of disease, disrupt physiological functions, and 
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cause early death (Brett, 1952; Burck, 1993). Therefore, further assessment of scenario effects on 

upriver migration and spawning, as well as assessment of marine survival, will be useful to 

understand a full life-cycle success of a salmon generation. With improved information on how 

stream flow and temperature impact spawning a similar model to the one described here could 

provide insights on salmonid survival under different scenarios.          

2.5 Conclusion 
 

In our study we projected four future scenarios of freshwater survival of two anadromous 

salmon species, Chinook and Coho, native to Cowichan River.  The projections used hydrologic 

and statistical models linking salmon survival to projected climate and land use impacts on 

physical river conditions including streamflow (discharge) and stream temperature. The future 

scenarios were combinations of watershed land use and climate change conditions.   

Our study demonstrated how a simple hydrologic model could be used to assess the 

interacting impacts of local land use change and global climate change on river conditions, and 

subsequently the survival rates of juveniles of two salmon species.  All four scenarios considered 

combinations of watershed conservation efforts vs increased development and high vs low 

climate change ranges from the 8.5 IPCC RCP for the region by 2050. Results projected 25% 

(conservation with lower climate change conditions) to 75% (development with high climate 

change conditions) decreased survival rates relative to current conditions. Survival was most 

impacted by changes in water temperature conditions which we estimated based on river flow 

and 20-day average air temperature values.  We also found that a regression-based survival 

model was more sensitive to changes in climate conditions and land use compared to survival 

rates estimated using temperature and flow rate threshold values. Changes in land use and land 

cover such as forest restoration and other measures to decrease overland runoff would help to 
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improve chances of freshwater salmon survival. However, these changes are insufficient to offset 

the projected impact of globally driven climate change projection. Land use management, stream 

regulations, water temperature management and other habitat improvement measures will be 

crucial to improve salmon chances of success in the future.            
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Chapter 3. Future Marine Survival Scenarios of Two Strait of Georgia Pacific Salmon 

Species, Chinook and Coho. 

 

 

Article Information 

Chapter 3 has been prepared for publication in a journal. 

 

Abstract 

 

This study provided a cumulative effects assessment on marine survival of three anadromous 

Pacific salmon populations in British Columbia, Cowichan River Chinook and Strait of Georgia 

hatchery-raised and wild Coho, using scenario analysis. The assessment was focused on impacts 

from local land use management and climate change on salmon marine survival through various 

environmental variables, such as sea surface temperature (SST), sea surface salinity (SSS), air 

temperature, precipitation, wind gust speed, and Cowichan and Fraser river discharges, in the 

first year of the salmon marine residence. These linkages were investigated through Pearson 

correlation and stepwise regression analysis of historic data on the long-term salmon populations 

marine survival and the above environmental factors. The analysis showed that the marine 

survival of both Chinook and Coho is highly correlated to environmental conditions during the 

first year of marine residence, explaining at least 75% of survival variability for Chinook and 

wild Coho and 70% survival variability for hatchery-raised Coho. The regression analysis 

showed that Chinook marine survival was negatively related to SST in Strait of Georgia in July 

and mean Cowichan River discharge in October, and positively correlated to mean minimum 

daily air temperature in the Strait of Georgia in October.  Both Strait of Georgia hatchery-raised 

and wild Coho marine survival showed positive correlation to SSS in the Juan de Fuca Strait, and 

negative correlations to mean June to September air temperature and to mean annual extreme 

monthly wind gust speeds. The regression equations were used as predictive models for future 

survival of the three salmon populations applied on the future scenarios for 2050. Four future 
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scenarios created by combining two opposite scenarios of land use in the Cowichan River 

watershed, forest conservation and development, and two climate change scenarios, more 

extreme and moderate, were applied to Cowichan Chinook. Two future climate change 

scenarios, extreme and moderate, were applied to both Coho populations. The scenario 

projections showed decline in marine survival for all three salmon populations under all 

scenarios. Under the moderate climate change scenario estimated marine survival rates were 

0.56% and 0.63% for Chinook for scenarios with development and conservation land use 

respectively, and 0.88% and 4.77% for hatchery-raised and wild Coho, respectively. In the more 

extreme scenarios, juvenile salmon entering the marine environment may not survive through the 

first year at sea at all. Also, the assessment showed that wild Coho had better marine survival 

than hatchery-raised Coho both historically and in the projected scenarios. 

3.1 Introduction 

This study aimed to assess future climate impacts and ocean conditions on populations of 

two Pacific salmon species, Cowichan River Chinook (Oncorhynchus tshawytscha) and Strait of 

Georgia Coho (O. kisutch). The focus was on projecting future marine survival scenarios of these 

two species as a component of Cowichan River salmon future survival and success within a 

cumulative effects assessment. The first part of the assessment was conducted on the freshwater 

phase of the early development stages of each species (Ospan et al., unpublished, Chapter 2). 

The purpose of the overall cumulative assessment was to examine how different scenarios of 

land use within the Cowichan River watershed, in combination with different scenarios of 

climate change, could affect the future survival of anadromous salmon species native to the river. 

The temporal boundary of the assessment was 2050, or approximately 30 years from now. This 
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temporal boundary was within a planning time scale that is practically foreseeable for decision 

makers at a local scale.  

Anadromous salmon have complex life histories. A significant portion of their adult life 

is spent in the open ocean, which is highly complex in terms of the number of potential factors 

affecting salmon survival, and the mechanisms by which these factors influence survival are not 

fully understood (Clark et al., 2016). However, the nearshore ocean appears to have a strong 

influence on salmon success, and the first few months spent by juvenile salmon at sea are the 

most critical for their overall marine survival. Survival during this initial period is strongly 

correlated with their return as spawning adults to the river habitats (Beamish & Mahnken, 2001; 

Beamish et al., 2004; Beamish et al., 1999; Beamish et al., 2008; Beamish et al., 2010; 

Chittenden et al., 2018; Brodeour et al., 2011). Furthermore, Chinook and Coho smolts from 

streams and rivers on the east coast of Vancouver Island and from the Fraser River travel to, or 

through, the Strait of Georgia and are thought not to migrate too far in the open ocean, further 

suggesting near shore water conditions could be a likely factor in their survival. 

A number of studies indicate that salmon survival in the marine environment is strongly 

correlated with water temperature and salinity (Pearcy, 1992; Blackbourn 1985, 1990). Michel 

(2019) found that riverine streamflow during smolt outmigration has a higher correlation with 

Chinook marine survival than marine conditions. This may be explained by the influence of 

riverine discharge on nearshore marine physical conditions. It is likely, therefore, that nearshore 

marine physical conditions play a major role in salmon survival. Beamish et al. (2010) found 

strong correlation between water temperature and wind speed in Strait of Georgia and Coho 

survival during the first four months in the marine environment.  
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Many factors influencing marine temperature and salinity are outside the direct control of 

human management decisions at the local and regional levels. However, since marine physical 

conditions, particularly in Strait of Georgia, are largely dependent on freshwater runoff among 

other factors (Masson, 2006) it is possible that stream hydrologic conditions play an important 

role in salmon marine survival. Therefore, factors affecting stream hydrology, among them 

human watershed management and climate change may also affect salmon survival and success 

during their entire life cycle (freshwater and marine).  

This study aimed to develop and apply predictive models for assessing cumulative effects 

using scenario analysis on the marine survival of Cowichan River Chinook and Coho. The 

models linked marine physical factors (e.g., temperature, salinity, wind speed, riverine discharge 

etc.) affecting Chinook and Coho marine survival and are applied on four scenarios of watershed 

management choices and severity of global climate change to project how changing near shore 

conditions might impact salmon survival. The purpose of applying different scenarios was to 

provide new insights into the interaction between global and local effects that could be used by 

policy makers, to enable strategies and planning that would help to increase salmon survival 

rates towards desired outcomes.   

3.1.1 Study Area and Populations 

The Cowichan River runs in the southeastern part of Vancouver Island and discharges 

into the Strait of Georgia between the island and mainland of British Columbia (Figure 6). The 

Strait of Georgia is connected to the open ocean through Juan de Fuca Strait in the south and 

Johnstone Strait in the north. Oceanography of the strait is characterized by an estuarine-type 

circulation heavily influenced by discharge from Fraser River on the mainland that reaches a 

maximum in June as the winter snowpack melts (Thomson, 1981).  
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Figure 6. Study Area. Solid arrows show sources of physical data used in the assessment; dashed 

lines show salmon early migration pathways in the marine environment.  
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Cowichan River supports several populations of anadromous salmon species, among 

them are fall-run Chinook and Coho. They have slightly different life histories. Both species 

make their spawning runs up-river in mid-October through December (mostly in November) and 

lay eggs in the upper reaches of the river below Cowichan Lake (Neave, 1943; Lill et al., 1975; 

Tompkins et al., 2005; Lister et al., 1981; Nagtegaal & Riddell, 1998; Pellet, 2017). Egg 

incubation of both species occurs during winter and juvenile fish (fry) emerge mainly in the 

spring of the following year.  

Chinook fry spend less than 90 days in the Cowichan River and migrate to the estuary 

from April through June (Craig, 2015; Nagtegaal et al., 2004; Healey, 1991; Candy et al., 1995). 

Chinook then spend two to four months in the estuary where smoltification (physiological 

adaptation to marine life) and rapid growth occur (Pearcy, 1992). Juvenile Chinook first rear in 

shallow (April and May) and then in deeper sections (June to August) of the Cowichan River 

estuary before migrating to nearshore marine areas of the Gulf Islands in the Strait of Georgia 

from June to September (Thakur et al., 2018; Atkinson & Pellett, 2018). Although Chinook 

salmon are known to embark on extensive ocean migrations, the majority of Cowichan River 

Chinook population most likely remains in the Strait of Georgia for the first several months of 

their marine growth phase (Beamish et al., 2011; Neville et al., 2015); even though a minority of 

Cowichan Chinook is found to migrate as far north as Queen Charlotte Strait, to the west coast of 

Vancouver Island and as far south as Washington and Oregon (W. Luedke pers. com., as in V. 

Kommori and Assc., 2010). Marine residence of Cowichan Chinook lasts from 1.5 to 4.5 years 

and the age composition of returning spawners consists primarily of sexually mature 3- and 4-

year-old fish with varying contributions of age-2 males (jacks) that may vary from 20% to 73% 
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of total returners (Tompkins et al., 2005). The proportion of age-5 adults is considerably smaller 

and is usually less than 2%.  

Unlike Chinook, Coho juveniles spend a full year in fresh water, from the March of 

emergence to April of the following year with smoltification and outmigration peaking in May 

(Atkinson & Pellet, 2018; Craig, 2015; Pearce et al., 2020). Coho smolts spend only a brief 

period in the estuary (Pearcy 1992) and enter the Strait of Georgia in May. Until the last few 

decades, Coho was believed to remain in the Strait of Georgia for their entire marine life, but this 

pattern of behavior has increasingly shifted to an outmigration from the Strait of Georgia through 

the Juan de Fuca Strait to the open Ocean from in October to December for their first year of 

marine residence. This shift in marine residence is thought to be related to changes of physical 

conditions in the strait due to climate change (Beamish et al., 1999; Chittenden et al., 2009). 

Coho spend a maximum of 1.5 years in the marine environment (Pearcy 1992) returning to the 

native stream as jacks or 3-year-old mature adults (Sandercock, 1991; Pearce et al., 2020).     

From the literature there is evidence that the ocean environment is changing and 

impacting salmon survival (e.g., Beamish et al., 1999; Beamish et al., 2010; Chittenden et al., 

2009). However, while anthropogenic climate change might be an underlying factor in driving 

these changes, there are other potential human impacts that can also affect nearshore and Georgia 

Strait conditions. One potential major influence is changes in regional runoff conditions based on 

human and climate change impacts on river runoff into these environments. The aim of this study 

was to assess to what extent climate change and river runoff conditions impact salmon survival 

during the marine phase of their life cycle. 

3.2 Materials and Methods 
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The main objective of this study was to develop predictive models of marine survival for 

Coho and Chinook salmon, based on an analysis of the linkages between survival rates and 

physical ocean conditions. To assess potential future impacts of climate change and human 

development on ocean survival, four scenarios combining projected climate and watershed 

management changes were developed and their impact on the variables affecting survival is 

projected and used to simulate potential future survival rates.     

3.2.1 Statistical Analysis 
 

Marine survival discussed in this study referred to natural survival in the marine 

environment that does not include fishing-related mortality. Marine survival was estimated using 

coded wire tags (CWT) that are inserted in hatchery raised juvenile fish prior to their release. 

Survival rates were then estimated by dividing the number of fish with CWTs that survive to age 

2 (pre-fishery recruitment) to the total number of CWT released (Tompkins et al., 2005). Age-2 

pre-fishery recruitment was estimated through annual CWT recovery from commercial and sport 

fisheries and fish returned to the river. Marine survival rates for Chinook released from the 

Cowichan hatchery for smolt years 1986 to 2013 (brood years 1985 to 2012) was provided by 

DFO (Figure 7). Data for 1989 to 1991 smolt years were deemed outliers using a Box-plot 

method (Walfish, 2006) and were removed from the analysis as outliers. 
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Figure 7. Cowichan River Chinook Marine Survival (DFO, pers. com.). 

CWT tagging of hatchery-released Coho in Cowichan River started in 2018 (Pearce et al., 

2020), therefore, no marine survival estimates were available for the Cowichan River Coho 

population specifically. Instead, overall Strait of Georgia hatchery and wild Coho survival rates 

based on CWT programs were used in this analysis; hatchery data consisted of combined CWT-

based estimates for Inch, Big Qualicum, Chilliwack, and Quinsam hatcheries; wild Coho 

survival estimates were based on CWT-based studies on Black and Myrtle creeks and Salmon 

River wild Coho stocks (Irvine et al. 2013). Survival data for both hatchery and wild Coho was 

provided by DFO for 1985 to 2016 smolt years (Figure 8). Smolt year 1987 was removed from 

both hatchery and wild Coho analysis as outliers based on Box-plot method (Walfish, 2006).  
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Figure 8. Strait of Georgia Coho Marine Survival (DFO, pers. com.) 

The physical ocean data examined included a number of physical variables, such as 

mean, minimum and maximum monthly, seasonal and annual values for Cowichan and Fraser 

river flows, sea surface temperature (SST) and sea surface salinity (SSS) in the Strait of Georgia 

and Juan de Fuca Strait, air temperature, precipitation, monthly extreme gust speed, and open 

ocean SST. Criteria for data source selection included physical proximity to assumed habitats 

and migration pathways of the studied salmon populations and availability of continuous data for 

the period between 1985 and 2016. Table 11 provides a summary of data used in this analysis.  

Temporally, the physical ocean data were matched to correspond to the Chinook and 

Coho smolt year, as the first several months determine the most critical in marine survival 

(Beamish & Mahnken, 2001; Beamish et al., 2010; Chittenden et al,. 2018; Brodeour et al. 

2011); however, longer-term (2-year and 3-year mean) estimates were also used. A total of 296 
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physical variables were selected for this analysis to find correlations between the variables and 

survival outcomes. 

Table 11. Physical data used in the analysis. 

Data Source Location Coordinates 

Cowichan River 
discharge 

Water Survey Canada 
(WSC) hydrometric 
station #08HA011 

Duncan 48°46'23''N  
123°42'52''W 

Fraser River discharge WSC hydrometric station 
#08MF005 

Hope 49°23'09"N  
121°27'15"W 

Sea surface 
temperature (SST) and 
Sea surface salinity 
(SSS) 

Race Rocks Lightstation 
Fisheries and Oceans 
Canada (DFO)  

Juan de Fuca Strait, 
south of Vancouver 
Island 

48°17'53"N  
123°31'53"W 

SST and SSS Strait Entrance Island 
Lightstation (DFO) 

Strait of Georgia near 
Nanaimo  

 49°12'33"N  
123°48'30"W 

SST open ocean National Oceanic and 
Atmospheric 
Administration (NOAA) 
buoy station #460001  

North-east Pacific 
Ocean, south of Gulf 
of Alaska   

56°18'16"N  
147°55'13"W 

Air temperature, 
precipitations, 
maximum monthly 
gust speed 

Victoria International 
Airport Environment 
Canada (EC) weather 
station #1018620 

North end Saanich 
Peninsula, Vancouver 
Island, 18 km 
southeast of 
Cowichan River 
estuary 

48°38'50"N  
123°25'33"W 

Air temperature, 
precipitations 

Salt Spring St. Mary's 
Lake EC station #1016995 

North end Salt Spring 
Island, 16 km north 
of Cowichan Bay  

48°53'24"N  
123°32'60"W 

 

Linkages between physical environmental factors and salmon survival were first 

evaluated using a Pearson correlation analysis. Factors that showed higher correlation (R<-0.5 

and R>0.5) with salmon survival are selected for further analysis. Next, variables that were likely 

to cause multicollinearity were eliminated using a variance inflation factor (VIF) analysis. Those 

with a value greater than 10 were removed. In the final step, a backward elimination stepwise 
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regression analysis was used to determine the most statistically significant independent variables 

influencing salmon marine survival. We have selected backward elimination over the forward 

selection because in forward selection there is a potential that two or more variables that work 

best with each other will not be selected in the final model, or a regressor added at an early step 

may become redundant because of its relationship with regressors added later (Burt et al., 2009).  

3.2.2 Future Scenarios 
 

The future scenarios for marine survival were consistent with those used for the 

freshwater phase of salmon survival (described in detail in Ospan et al., unpublished, Chapter 2), 

using an approach similar to that in Duinker (2008), Creed and Laurent (2015) and Laurent et al. 

(2015). Four scenarios were created by combining a global forcing factor, two extremes of 

climate change outcomes for the IPCC RCP 8.5 scenario, and a local forcing factor, watershed 

conservation vs. development.  

The two opposing climate change scenarios are the upper and lower 10 percentiles of 

projected changes for climate variables (e.g., temperature, precipitation or wind speed) under the 

IPCC RCP 8.5 scenario for the region (Ospan et al., unpublished, Chapter 2; PCIC, 2020; Collins 

et al., 2013). Projections representing two extremes of the same RCP scenario were selected 

because differences between the projected changes for two different RCPs (e.g., between RCP 

8.5 and RCP 4.5 or RCP 2.6) were less than differences among the projected changes from the 

different models for the same scenario. This was observed in other studies (e.g., Loder & van der 

Baaren 2013; Ishizaki et al., 2012). We selected the RCP 8.5 scenario because it represented the 

more realistic, “business-as-usual”, scenario (IPCC, 2014). 

The two opposing land management scenarios were created by altering present day land 

cover/land uses in the Cowichan watershed and projecting a conservation scenario where 
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reforestation and green space development was prioritized, which was contrasted to a 

development scenario with expanded urban areas, farmland development and intensive wood 

harvesting (Ospan et al., unpublished, Chapter 2). The final four scenarios combined the climate 

and land management projections as follows: forest conservation in combination with moderate 

climate change (Scenario CM), forest conservation and more extreme climate change (Scenario 

CE), land development and more extreme climate change (Scenario DE), and land development 

with moderate climate change (Scenario DM). 

Within these scenarios we recognized that the climate change scenarios affected all 

physical variables used in the marine survival models, while land use scenarios affected only 

Cowichan River discharge and water temperature. Our analysis also assumed that changes in the 

Cowichan watershed reflected expected changes for all watersheds in the region. Therefore, 

relative changes in water discharge and water temperatures in the Cowichan watershed would be 

representative of the cumulative discharge changes into the Strait of Georgia from all watersheds 

in the region. In other words, correlations based on scenarios impacting the Cowichan watershed 

discharge would be representative of development in all watersheds discharging into the Strait.  

Excepting the extreme gust speed projections (which were based on two historic 

extremes), selected scenario values for each physical factor representing global forces, such as 

air temperature, SST and SSS, are based on model projections of the high-emission IPCC climate 

change scenario RCP 8.5. For air temperature and SST, the lower 10th percentile model 

projections were used for the moderate scenario, while the upper 90th percentile projections are 

used for extreme scenarios. For SSS we reversed the projections, with the optimistic scenario 

represented by the upper 90th percentile projection and the pessimistic scenario with the lower 

10th percentile values. Values for summer-time precipitation changes were reversed: 90th 
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percentile projected change is used for the moderate scenario and 10th percentile change is used 

for the more extreme scenario because the 10th percentile projection for changes in summer 

precipitation of 42% decrease represents a more extreme outcome associated with warmer 

temperature (PCIC, pers. com., August 11, 2020).  

Local air temperature projections for the 2050s (2040-2069) relative to the 1961-1990 

base period were downloaded from the Pacific Climate Impact Consortium (PCIC) Climate 

Explorer (PCIC, 2019) model PCIC 12 for the RCP 8.5 future climate scenario. Climate Explorer 

uses downscaled outputs from Global Climate Models (GCMs) from the fifth phase of the Global 

Model Intercomparison Project (CMIP5).  The projections used were computed from daily 

statistically downscaled scenarios developed using the Bias Correction with Constructed 

Analogues and Quantile mapping, Version 2 (BCCAQv2) method (PCIC, 2019).  

SST and SSS projections were computed using projected changes in SST and SSS off the 

Vancouver Island coast from 1986-2005 to mid-century (2046-2065) from six earth System 

Models (ESMs) running the CMIP5 RCP 8.5 scenario (Lodder & van der Baaren, 2013). The 

projected 10th percentile and 90th percentile changes were applied to the mean 1996-2005 SST 

and SSS at Entrance Island and Race Rocks light stations respectively.  

There are no conclusive projections of wind speed for the Vancouver Island area. Large 

and small-scale wind reports include increasing trends (Young et al., 2011), decreasing trends 

(McVicar et al., 2012) or no significant trends (Merryfield et al., 2009; Morrison et al., 2014; 

Wang et al., 2016) in wind speed and frequency. Gust speed for this study scenarios were 

selected as 10th percentile (moderate scenario) and 90th percentile (extreme scenario) of 54-year 

(from 1964 to 2017) long-term mean annual extreme monthly gust speeds observations from the 

Victoria International Airport meteorological station (Figure 9).  
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Cowichan River discharge values are taken from the Cowichan River freshwater model 

outcomes (Ospan et al., unpublished, Chapter 2).  

 

Figure 9. Mean Annual Extreme Monthly Gust Speed, Victoria International Airport, 1964 to 

2017. 

 

3.3 Results 

3.3.1 Statistical Analysis 

 

Results suggested that salmon marine survival rates correlated well with several physical 

environmental variables. Cowichan Chinook marine survival showed negative correlations (r < -

0.4) with Cowichan River discharge in October, SST at Entrance Island in July and at Race Rock 

in January and October, and air temperature at Salt Spring Island and Victoria Airport in 

summer, all physical variables for the year of smolt migration; and survival is positively 

correlated (r> 0.5) with air temperature at Salt Spring Island in October of the smolt year.   
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Both hatchery-raised and wild Coho survival showed negative correlations (r< -0.5) with 

SST at Race Rock from October through February, summer air temperature at Victoria Airport, 

and July and mean annual maximum wind gust speed, all in the year of smolt migration. Coho 

survival rates positively correlated with summer salinity (r> 0.5) in the smolt year.     

Stepwise regression analyses resulted in regression models with high explanatory power 

for Chinook and both hatchery-raised and wild Coho marine survival rates. Model goodness-of-

fit analysis results are shown in Table 12.   

The regression analysis for marine survival of Cowichan River Chinook showed it was 

highly dependent (p < 0.05) on three variables (Table 13). Chinook marine survival was 

negatively related to SST at Entrance Island in July and mean Cowichan River discharge in 

October, and was positively correlated to mean minimum daily air temperature at Salt Spring 

Island in October. Regression coefficients and their P-values are presented in Table 13.   

Both Strait of Georgia hatchery-raised and wild Coho marine survival regression analyses 

showed their strong dependence (R2 ≥ 0.70, adjusted R2 ≥ 0.67) on environmental attributes with 

a positive correlation to SSS at Race Rocks (two-year mean for hatchery-raised and mean 

summer for wild), and negative correlations to mean June to September air temperature (mean 

minimum monthly for hatchery-raised and mean for wild) and to mean annual extreme monthly 

wind gust speeds observed at the Victoria International Airport. Regression coefficients for both 

equations and their P-values are presented in Table 13.    

In addition to goodness-of-fit tests shown in Table 12, our models were validated using a 

splitting technique (Snee, 1977): for each model the data was randomly split into two sets with 

roughly equal number of datapoints; the regression analysis was conducted on one dataset and 
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the resulting coefficients are applied onto the second dataset to test the prediction accuracy of the 

model. The results showed a high degree of fitness (R2 > 0.75) for all the regression models.     

Table 12. Regression Models Goodness-of-Fit Results (Legates and McCabe (1999); Willmott et 

al. (1985, 2012)). 

Regression model 
Obs. 

mean9 
Obs. 

MAD10 
Pred. 

mean11 
Pred. 

MAD12 
MBE13 MAE14 dr

15 R2 16 

Cowichan Chinook 
marine survival 0.013 0.007 0.013 0.006 0.000 0.003 0.80 0.75 

Strait of Georgia 
hatchery Coho marine 
survival 0.033 0.025 0.033 0.021 0.000 0.01 0.78 0.70 

Strait of Georgia wild 
Coho marine survival 0.050 0.032 0.050 0.030 0.000 0.02 0.81 0.77 

 

Table 13. Cowichan Chinook and Strait of Georgia Coho Marine Survival Linear Regression 

Coefficients. 

Variable Coefficients P-value 

Cowichan Chinook marine survival 

Intercept 0.05069 0.14151 

SST Entrance Island, July (T° C) -0.00608 0.00138 

Cowichan River Discharge, October (m3/s) -0.00013 0.00209 

Mean minimum monthly air T, Salt Spring Island, October (T° C) 0.00945 4.083E-05 

Strait of Georgia hatchery Coho marine survival 

Intercept -0.87789 0.06598 

2-year mean SSS, Race Rocks light station (PSU) 0.03965 0.00718 

June - Sept mean minimum monthly air T, Victoria Airport (T° C) -0.01969 0.00383 

Mean annual extreme monthly gust speed, Victoria Airport (m/s) -0.00205 0.011995 

Strait of Georgia wild Coho marine survival 

Intercept -0.25131 0.52098 

Mean summer SSS, Race Rock light station (PSU) 0.03406 0.00404 

June - September mean air T, Victoria Airport (T° C) -0.03665 7.350E-05 

Mean annual extreme monthly gust speed, Victoria Airport (m/s) -0.00318 0.00082 

 
9 Obs. Mean – mean of observed values. 
10 Obs. MAD – mean absolute deviation of observed values.  
11 Pred. mean – mean of predicted values. 
12 Pred. MAD – mean absolute deviation of predicted values. 
13 MBE – mean bias error. 
14 MAE – mean absolute error. 
15 dr – index of agreement 
16 R2 – coefficient of determination.  
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3.3.2 Scenario Projections 
 

The regression equations (Table 13) were used to estimate Chinook and Coho marine 

survival rates for the 2050 scenarios. While Strait of Georgia Coho marine survival was not 

shown to be affected by Cowichan River discharge, Cowichan Chinook marine survival was. 

Therefore, only two scenarios were developed for Coho and four for Chinook.  

Future projections showed that in all the scenarios considered, a decrease in marine 

survival should be expected. None of the three studied populations of salmon are likely to 

survive in scenarios with extreme climate change, while scenarios with moderate climate change 

showed positive survival rates albeit at lower rates compared to base levels.     

Results of the mean predicted marine survival rates for Chinook and Coho for each 

scenario were presented in tables 14 through 16. Mean Cowichan River Chinook marine survival 

rates ranged from as low as -0.16% for Scenario DE (Development of land and extreme climate 

change) to as high as 0.63% for Scenario CM (Conservation of forest and moderate climate 

change), where negative values indicated an unsustainable population. 

Hatchery-raised Coho marine survival projections showed a -8.73% survival rate for 

Scenario E (extreme climate change) and a 0.88% survival rate for the Scenario M (moderate 

climate change). Projected wild Coho marine survival ranged from -6.3% for Scenario E to 

4.77% for Scenario M. Negative survival rates essentially mean that there was no survival for 

these scenarios, but the negative values were used to indicate the severity of impacts relative to 

baseline conditions.      
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Table 14. Cowichan River Chinook marine survival: historic and projected 2050 scenarios 

Scenario Input Parameters Estimated 
Survival (%) SST 

Entrance 
Island -July 
(°C) 

Cowichan R 
Discharge - 
October 
(m3/s) 

Mean 
minimum air 
T - October (° 
C) 

Base 1986-2013 18.1 29.4 8.0 1.30 

Scenario DE 22.2 33.5 9.2 -0.16 

Scenario CE 22.2 26.8 9.2 -0.08 

Scenario DM 19.6 26.5 8.2 0.56 

Scenario CM 19.6 21.1 8.2 0.63 

 

Table 15. Strait of Georgia hatchery-raised Coho marine survival: historic and projected 2050 scenarios 

Scenario Input Parameters Estimated 
Survival (%) 2-year mean SSS, 

Race Rock (PSU)  
June-
September 
mean 
monthly 
minimum 
air T (° C) 

Annual mean 
extreme 
monthly gust 
speed (km/h) 

Base 1985-2016 31.1 10.4 57.0 3.32 

Scenario E 30.0 13.7 63.1 -8.73 

Scenario M 31.3 13.1 47.1 0.88 

 

Table 16. Strait of Georgia wild Coho marine survival: historic and projected 2050 scenarios 

Scenario 
Input Parameters 

Estimated 
Survival (%) 

Summer mean 
SSS, Race Rock 
(PSU)  

June -
September 
mean air T 
(°C) 

Annual mean 
extreme 
monthly gust 
speed (km/h) 

Base 1986-2014 31.1 15.78 56.8 5.0 

Scenario E 30.0 17.3 63.1 -6.32 

Scenario M 31.3 16.9 47.1 4.77 
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3.4 Discussion 
 

Marine survival of the two Strait of Georgia salmon species showed notable declining 

trends over the observed 30-year period (1985 to 2016). Our study supports the idea that these 

declines are related to changes in air and sea surface temperature, and sea surface salinity related 

to climate change as has been observed previously (Nickelson, 1998; Fisher & Pearcy, 1988; 

Holtby et al., 1990; Pearcy 1992; Beamish et al. 2004; Beamish et al., 2010).  

Our study also showed that the marine survival of both Chinook and Coho was highly 

correlated with environmental conditions during the first year of marine residence, explaining at 

least 75% of survival variability for Chinook and wild Coho. These findings support the critical 

period hypothesis (Beamish & Mahnken, 2001) that juvenile salmon development within the first 

year at sea determines their survival through adulthood and overall strength of the cohort, and 

that environmental conditions within this period are the most critical in defining the overall 

salmon marine survival (Beamish & Mahnken, 2001; Beamish et al., 2010).       

Our study also supports a previous observation by Mitchel (2019) that riverine 

streamflow during early marine residence has an influence on Chinook marine survival. The 

negative correlation of Cowichan Chinook with Cowichan River October discharge can be 

explained by the influence of overall regional October river discharge on conditions of nearshore 

marine environment (e.g., salinity, surface temperature, turbidity, nutrient flows, water column 

structure, etc.), a critical habitat for some salmon life cycle phases. Therefore, processes that 

influence the character, quantity and quality of riverine discharges have an impact of Chinook 

marine survival. This means that the local management within the watershed (e.g., land use) in 

combination with global forcing (climate change) has an effect not just on freshwater conditions, 

but also on Chinook marine survival. Dependence of Chinook survival on the native stream 



68 

 

  

discharge shows that land-use management within the river watershed that affects stream 

hydrology (Ospan et al., unpublished, Chapter 2) affects not only freshwater survival but also 

survival in the marine ecosystem. Therefore, it is possible that measures to mitigate climate 

change effects within the river watershed can also improve chances of Chinook survival in the 

marine environment.      

Our study also indirectly confirmed previous observations and studies of Chinook and 

Coho early marine residence and migration routes. Higher correlation of Chinook survival with 

SST at Entrance Island, Cowichan River discharge, and air temperature at Salt Spring Island 

confirmed the observations that Chinook spend at least several months of their early marine life 

in the Strait of Georgia, particularly in the nearshore areas of the Gulf Islands (Atkinson & 

Pellett, 2018; Beamish et al., 2011; Neville et al., 2015; Thakur et al., 2018). At the same time 

higher correlation of Coho survival with salinity at the Race Rock Islands and summer air 

temperature at the Victoria Airport may support the conclusion that Coho embark on earlier 

migrations southward to or through the Juan de Fuca Strait than was previously reported by 

Beamish et al. (1999) and Chittenden et al. (2009). 

A negative relationship between Coho marine survival and wind speed was previously 

reported by Beamish et al., (2010). They found that the decline in Coho marine survival in the 

Strait of Georgia coincided with an increase in days when wind speeds exceed 25 km/h. They 

suggested that high wind speed may impede the availability of prey resources for juvenile 

salmon by increasing the mixing of surface water, speculating that the winds affect zooplankton 

production (Beamish et al., 2010). Other possible mechanisms can include wind driven mixing of 

surface water that increase the energy demand from juvenile Coho to swim and chase their prey 

and therefore increase their mortality. This vulnerability to the wind speed combined with 
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increased outmigration from the Strait of Georgia over the last decades is likely linked to climate 

change potentially indicating juvenile Coho are increasingly susceptible to climate-related 

changes. It is unclear whether the wind speed is going to increase or decrease in the future; 

historically, it showed a trend of a slight increase over 54 years (Figure 9); however, in the 

extreme climate scenario the increased wind speed is going to negatively impact Coho survival.      

Wild Coho exhibited better marine survival than hatchery-raised Coho both historically 

and in the projected scenarios. This trend has been previously reported (Beamish et al., 2010; 

Irvine et al., 2013) and it has been suggested that hatchery-raised fish have lower survival in a 

stressful environment and that wild salmon may be better adapted to the Strait of Georgia 

ecosystem. Therefore, efforts to maintain salmon stocks through increased hatchery production 

may not be successful in addition to the concern that hatchery enhancement may be negatively 

affecting wild stocks mainly through overfishing of the mixed stocks, genetic impact, 

competition for resources due to limited carrying capacities of both freshwater and marine 

habitats (Gardner et al., 2004; Jones et al., 2018). 

Based on the above comparison between the wild and hatchery raised Coho marine 

survival it is possible that the wild population of Cowichan River Chinook also have higher 

survival rates compared to the hatchery-raised Chinook assessed in our study. Beamish et al. 

(2012) reports that early marine survival of wild Chinook in the Strait of Georgia during their 

study in 2008 was found to be six to 24 times as high as that of hatchery-raised Chinook. It is 

possible that marine survival of wild Cowichan River Chinook is also higher than the projected 

survival rates of hatchery-raised Chinook used in this study. Therefore, obtaining long-term 

information on wild Cowichan River Chinook marine survival would be necessary to produce 

more accurate projections of Cowichan Chinook marine survival. 
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Our analysis showed that, under the current climate trends, the decreases in salmon 

marine survival is expected to continue further in all our scenarios. In the more extreme 

scenarios, juvenile salmon entering the marine environment may not survive through the first 

year at sea. Since our two opposite scenarios of climate change are just two ends of the same 

“business-as-usual” climate change scenario, our projections may be interpreted as showing the 

possible range of outcomes in the next 30 years. 

Detrimental effects of climate change on Pacific salmon populations, particularly 

Chinook and Coho, has been a growing concern (Beamish et al., 2004; Beamish et al., 2010; 

Irvine & Fukuwaka, 2011; Muñoz et al. 2015; Wainwright & Weitkamp, 2013). Our analysis 

shows that salmon production in the Strait of Georgia in general and Cowichan River, in 

particular, may stop by mid-century due to very poor marine survival, and that the decline may 

not be stopped or reversed unless climate change is stopped or, at they very least, slowed down. 

Otherwise, potential coping strategies to climate change may include adaptation to new 

environmental realities and shifting in species distribution including reorientation of fisheries to 

new species that may occupy the historic salmon habitats and ranges (Cheung et al., 2011).       
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Chapter 4. Cumulative Effects Assessment Using Scenario Analysis on Two Cowichan 

River Pacific Salmon Species, Chinook and Coho 

 

 

Chapter Information 

Chapter 4 has been prepared for publication in a journal. 

 

Abstract 

 

This paper describes a proposed methodology for Cumulative Effects Assessment (CEA) with 

the purpose of improving the process by making it both more substantive and quantitative. The 

general principles of the approach include the following: use of effect-based type of analyses 

where selected Valued Component (VC) sensitivities are identified first and then effect pathways 

are determined building bottom-up linkages from VC sensitivities to potential stressors or 

combinations of stressors to effect drivers and forces behind the drivers. Quantitative models 

were developed based on statistical or historic trend analysis or literature review that predicted 

response of the VCs to pressure from effect drivers. Further, scenarios of divergent futures were 

created that involved different developments of each effect driver or force, and finally the 

models were applied to each scenario to project the state of the studied VCs in each scenario. For 

a practical implementation, the methodology assessed future population trends of two 

anadromous salmon species from the Cowichan River, British Columbia, Chinook and Coho. 

The assessment was conducted for both early freshwater and marine phases of their life.  In fresh 

water, the assessment focused on two main factors affecting salmon survival, streamflow and 

stream temperature and established two main drivers affecting these stressors, land use and 

climate change, and two main forces behind these stressors, Local and Global, respectively. In 

the marine environment, linkages were examined using Pearson correlation and stepwise 

regression analysis between marine survival of Cowichan River Chinook and Strait of Georgia 

hatchery-raised and wild Coho and environmental factors including sea surface salinity (SSS), 
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sea surface temperature (SST), Cowichan River discharge, air temperature and wind gust speed 

in the nearshore areas of the Strait of Georgia and Juan de Fuca Strait during the first year of 

marine residence. Predictive models were developed based on regression analysis for Chinook 

freshwater survival and marine survival of all three populations based on effects of few stressors. 

These models explained 75% and at least 70% of variability in salmon survival in freshwater and 

marine environments, respectively. The models were applied to project future salmon survival in 

2050 under four scenarios created by combining two opposite scenarios of land use in the 

watershed, forest conservation and logging, urban and agricultural development, and two climate 

change scenarios, more extreme and moderate. Scenario projections showed a decrease in overall 

(combined early freshwater marine) survival by 2050 for all three studied salmon populations. 

None of them were likely to survive in scenarios with extreme climate change, while scenarios 

with moderate climate change showed positive survival rates although lower than present-day 

baseline levels. Analysis also showed that land use management also influenced freshwater 

survival of both Chinook and Coho and marine survival of Chinook through influence of river 

discharge on nearshore processes. However, our land-use management scenarios have 

considerably weaker effect than climate change on salmon survival.      

4.1 Introduction 
 

Cumulative effects assessment (CEA) is done to assess combined environmental effects 

of development from all sources including human activities and natural changes. CEA is 

conducted as part of Environmental Impact Assessment (EIA) required for permitting of new 

projects under both federal and provincial jurisdictions. Also, CEA is conducted on a strategic 

level by various governmental institutions and public initiatives, such as Fisheries and Oceans 
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Canada (DFO) (Murray et al., 2020) or the BC Cumulative Effects Framework (BC Government, 

2014).        

The purposes of CEA may include promotion of stakeholder awareness and triggering a 

response among key planners and decision makers, fostering of understanding of main effect 

drivers, inciting creative thinking and innovative solutions, and facilitate strategic planning.     

CEAs conducted within the EIA processes are often criticized for being aimed at project 

approval and narrowly focusing on project-specific stressors and their links to effect indicators 

(Clarke Murray et al., 2014) within restricted geographic and temporal limits, thereby potentially 

overlooking wider regional issues or valued components (VCs) for which project-specific effects 

are not predicted. Strategic-level CEAs are designed to conduct assessments on a broader, 

regional environmental management level (Dube, 2003) with a focus on characterization of 

environmental effects from multiple stressors that are aimed to inform development of strategic 

initiatives, policies, plans or programs on a regional basis (CCME, 2009). Strategic-level CEAs, 

however, lack consistency in methods because they often have different purposes or different 

legal frameworks, or no legislative frameworks at all (Culp et al., 2000; Dube, 2006; Munkittrick 

et al., 2000; Murray et al., 2020).             

This study proposes, develops and demonstrates a new methodology for CEA processes 

to facilitate its use and improve its reliability. By combining several methods, we propose the 

CEA process can be made both more substantive and quantitative. We also, propose a simple 

assessment methodology/model that can be used by a practitioner without deep knowledge in 

specialized disciplines, such as animal physiology, hydrology, physical oceanography, or 

modeling.   

The following are the main proposed principles of our methodology: 
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• Use of an effect-based method (bottom-up) as opposed to the stressor-based 

(top-down) method traditionally used in project-oriented CEAs. The effect-

based method, also known as Species or Habitat – Based Method (Murray et 

al. 2020), identifies and assesses multiple effects on a particular ecosystem 

component or VC, (e.g., salmon species, killer whale, water resources, or lake 

level, etc.) that may occur due to a potential stressor or interactions of multiple 

stressors (Dube 2003). By contrast, the stressor-based method emphasizes 

local, project-related stressors and their links with VCs (Clarke Murray et al., 

2014). 

• The assessment involves consideration of ecological sensitivities of selected 

VCs during different life stages and identify the most critical environmental 

and human factors (stressors) that influence these sensitivities and, therefore, 

affect the VCs. 

• Use of scenario analysis (Webber et al., 2012). This approach involves creation 

of several alternative future, current or past scenarios and an analysis of their 

outcomes. It can be used to evaluate changes in VCs in response to changes in 

stressors and key drivers. The outcome of each scenario is assessed using a 

quantitative or semi-quantitative model. 

• The assessment of each scenario includes quantitative or semi-quantitative 

evaluation of the various effects of environmental and anthropogenic stressors 

on the VC’s sensitivities at each life stage. This also involves determination of 

effect indicators and/or effect criteria, such as survival rates correlated to 

certain drivers, numeric thresholds, etc. The effects are assessed using 
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predictive models that are applied to each scenario, which results in a range of 

projections or probabilities that indicators or criteria consistent with an effect 

on the VC meet (e.g., on survival of the population, or sub-lethal effects).     

• Since, each scenario outcome will be numeric, e.g., projected probabilities of 

effects on the VC, they will be comparable to each other or to the base scenario 

representing present-day conditions (baseline condition). Significance ratings 

for each scenario will be based on an overall effect size, such as a percent 

change or by using a normalized index to indicate relative differences (e.g., 

between –1 and 1). 

The application of this methodology will be demonstrated using scenarios driven by a 

global (climate change) and a local (land use) to assess the cumulative effects on two salmon 

populations (VCs). 

4.2 Methodology 
 

The proposed approach and methodology consist of the following steps, which will be 

described in more detail below: 

1) Definition of the focus and scope of the assessment (Scoping); 

2) Identification of the main drivers and effect pathways; 

3) Scenario development for the most important drivers and description of scenario 

assumptions; 

4) Scenario analysis including future projections for each scenario and assessment of each 

scenario’s effects; 

5) Review of assessment is intended to inform future development strategies and plans and 

to make recommendations for addressing uncertainties and gaps in knowledge.   
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The main purpose of CEA is to define how future developments and/or management 

decisions within the geographic area may affect specific environmental issues. The pragmatic 

focus of an assessment is focus on human developments that can be controlled within the study 

area to mitigate potential harm, and therefore are amenable to management. For example, human 

developments affecting land use can affect a watershed hydrology and coastal physical 

parameters such as salinity and temperature and subsequently influence biological processes. 

However, local environmental effects occur within patterns and processes at regional or global 

spatial scales, e.g., climate change. The interconnection of processes at different spatial scales 

will often need to be included to identify the true impacts of the combined effects and how local 

management change can play a mitigating role. 

4.2.1 Definition of Focal Questions (Scoping) 
 

The purpose and scope of this work is to develop a methodology that can identify and 

assess the effects of human and/or natural stressors over a selected spatial scale. Therefore, the 

assessment begins with determination of relevant spatial and temporal boundaries and VC 

selection. This step is required for all environmental and impact assessments (Hanna, 2016; 

Kominkova, 2008; Milne and Bennett, 2016). 

The study area, or geographic limits within which the effects on the environment are 

assessed, needs to be clearly defined. For the purpose of CEA, the study area may be based on 

specific geographic units (e.g., for aquatic and marine resources, a study area could be a water 

body, such as a bay or strait, an estuary, a river basin, a watershed, wetland, etc.) or ecological 

boundaries (e.g., spatial range) of a VC. The study area will also take into account the spatial 

scale on which policy decision making must occur. A study area may also be determined by the 

potential for interactions of several projects and developments.  
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The temporal scale should be defined at a pragmatic level to limits within which current 

and future policies and management strategies could influence environmental resources, 

considering both predictability and uncertainty (Duinker & Greig, 2007). At the same time the 

temporal scales should be long-term enough for policies to be set as guidance for future plans 

and proposals. 

The environment is assessed through use of a VC (BC EAO, 2013; Milne & Bennett, 

2016; Noble and Christmas, 2008). VCs are environmental resources that are of concern to the 

public, Aboriginal peoples, and/or government(s) and may be affected by projects, policies or 

other developments. A VC may be a biological unit (population, species, a group of species such 

as a guild, a functional group or community), habitat, or a habitat property or ecological 

attribute, such as water or sediment quality. A VC can also represent a large group of species of 

organisms belonging to different functional groups but combined by classification and/or habitat, 

such as marine mammals, or marine birds, or an attribute partially based on aesthetic value, such 

as visual quality. There is a large literature on selection of VCs, however, our emphasis is on 

other components of the CEA methodology, so an extended discussion of VC selection is outside 

of the scope of this study. 

Finally, effect indicators should be determined for VCs. Effect indicators are measurable 

variables that can be used to describe the state of the VC. An effect indicator can be a measure of 

success of a biological unit (e.g., abundance, survival rate, fecundity, growth rate, etc.), an area 

of a habitat, or an environmental index.     

4.2.2 Identification of Key Drivers and Effect Pathways 
 

To determine the main drivers affecting the selected VCs we need to determine the main 

potential pathways through which the VCs can be affected. Pathways include the following 



78 

 

  

elements (from bottom up): VC survival/success, sensitivities, stressors, key drivers and, if 

necessary, main forces (demography, economy, etc.). Relationships among these elements are 

shown further in Section 3.2.   

First, a detailed VC profile is prepared that includes information on the VC to determine 

conditions required for its survival/success. In the case of a biological VC, such as a species, the 

profile includes life history and characteristics of each life stage such as habitat requirements, 

duration of certain conditions, physiological conditions, growth rates, survival rates, food 

resources, predators, physical conditions of the environment, seasonality, and other critical 

factors. The profile should be as specific to the population resident in the assessment area as 

possible because often populations of the same species living in different geographic areas have 

different life history characteristics, such as timing of spawning, migration periods, etc. In the 

case of the VC being a habitat or ecological attribute, or an aesthetic value, the profile would 

include characteristics of VC users, such as species, communities and or social groups.         

Second, effect pathways are determined for each life stage of the VC. The most important 

part of the effect pathway selection is determination of sensitivities and stressors.  Sensitivities 

and stressors are directly linked to each other. Sensitivities are thresholds of normal 

physiological or behavioral response of the VC to environmental attributes of the habitat, and 

stressors are changes in these attributes that trigger the VC’s physiological or behavioral 

responses and affect survivorship, reproduction or development at each life stage of the VC 

(Selkoe et al., 2015). Sensitivities can be to physical attributes of the environment or habitat, 

such as ranges of temperature or salinity, or biological, such as predation or prey availability. A 

stressor can be a change in a normal attribute of the environment, such as temperature, or can be 

an introduced factor, such as a pollutant or invasive species. It is understood that there can be a 
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large number of environmental attributes that may affect organism survivorship at each stage, 

however, for the purpose of simplicity and efficiency, the most critical attributes are selected 

(Pecl et al., 2014).   

There could be several potential ways for sensitivity and effect pathway determination, 

for example, those based on: 

• well understood physiological and/or behavioral responses of the VC to 

environmental changes and physical/biological relationships (for responses that 

are well documented in the scientific literature) 

• known links between physical and biological factors and effect indicators that 

can be verified through correlation analysis of data 

• established sensitivity thresholds with effects determined through simple 

threshold exceedances (binary) (derived from the scientific literature) 

• pathways when there are less understood complex dependencies of VC 

survival and wellbeing on environmental variables can be derived through 

“grey box” models, such as step-wise regression analysis, complex statistical 

models, artificial intelligence/machine learning (principal component analysis 

(PCA), Bayesian analysis, neural networks etc.) of data 

Since some VCs can have complex life histories with each life stage having its own specific 

sensitivities and, effect pathways for different life stages. Accounting for these life stages may 

require different methods or combinations of methods to assess overall impacts.   

Third, effect drivers need to be identified.  Effect drivers are activities or processes that 

generate or influence stressors (Nelson et al., 2006; Oesterwind et al., 2016). Key drivers can be 

a process/ factor or a combination of factors that affect selected sensitivities directly. Key drivers 
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can also be combined under major forces, if feasible. Major forces are logical combinations of 

key drivers that dictate directions and the extent of effect drivers. For example, a fishery can be a 

key driver causing overfishing stress on a certain fish population, while a major force behind it 

can be a socio-economic, demographic, or political situation that generates the demand for food 

(Zondag & Borsboom, 2009).      

Effect drivers and stressors should be selected so that they can be assessed in the context 

of scenarios, meaning that it is possible to project changes in stressors based on scenarios or 

projections of major forces for the selected geographic limits.  Furthermore, the study needs to 

be constructed in such a way that changes among all the scenario projections can be translated 

into changes in stressors that relate to VC responses.   

The fourth and final step reviews how changes in stressors from one or multiple drivers 

combine to effect the selected sensitivities. At this stage a predictive model can be developed 

that can then be used to assess impact from the combination of drivers on each life stage of the 

VC.  

4.2.3 Scenario Development 
 

Once the scope of assessment and key drivers are determined, the scenarios are 

developed. Each scenario is a logical inference of future conditions, which involves 

determination of the direction and extent of the drivers. By using scenario analysis, we hope to 

reduce uncertainties related to expectations from the future and improve our understanding of 

and preparedness for potential outcomes (Carlson et al., 2011).     

A scenario analysis involves looking at various outcomes of development under different 

circumstances and defining the most suitable mitigation or adaptation strategies (Duinker & 

Greig, 2007). Scenario analysis includes the process of creation and assessment of a number of 
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alternative reasonable (not incredible) situations; and, each situation is distinctly different from 

another (Schwartz, 1996). The scenario analysis shouldn’t be mistaken for a forecast, and 

assigning likelihood or probabilities to the scenario analysis should be avoided (Duinker, 2008).  

Methods for scenario creation may vary from “an imaginative exercise by a single 

individual” to a group process that involves stakeholders of various interests and expertise 

(Peterson et al., 2003; Duinker and Greig 2007). Methods may also differ in the analytical 

techniques, often contrasting: backcasting versus forecasting; descriptive versus normative; 

quantitative versus qualitative; trends versus peripheral; and inductive versus deductive 

reasoning (Duinker and Greig 2007).  Scenario-development methods and techniques are 

described by Bishop et al. (2007) and Muscat et al. (2012).  

4.2.4 Scenario Assessment 
 

The impact of each scenario on each of the VC’s life stages or habitats is assessed using 

quantitative or semi-quantitative models. One of the objectives of models is to predict the effect 

on the VC through changes in effect indicators.  

Statistical relationships between effects indicators and stressor variables, such as a 

regression analysis, can be used as a model. If there is not enough data to derive such 

relationships, the assessment may use effect thresholds to predict effects from stressors on 

sensitivities. Effect thresholds can be used for different life stages of the VCs. Effect thresholds 

may be values of physical properties (e.g., temperature threshold) whose exceedance will impact 

effect indicators. Thus effect thresholds can be used in a similar way as to the concept of climate 

envelopes (Pearson & Dawson, 2003; Hijmans & Graham, 2006; Feddema et al., 2013). 

In cases where effect thresholds are used, effect indicators (e.g., survival) for each life 

stage for each scenario can be estimated using the following equation: 
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𝐸𝑖 = 𝐸𝑖−1 × 𝑥𝑖 × (1 − 𝑦𝑖) 

Where: 

Ei  - effect indicator (e.g., survival) of the VC during the life stage i;    

xi – baseline (natural) effect indicator value (survival) or hypothetical indicator value of 

the VC during the life stage i;  

yi – probability of effect from the scenario on the indicator of the VC during the life stage 

i calculated as the probability of the effect threshold being exceeded. 

Once effects on each life stage have been assessed, overall projections for the entire life 

cycle of the VC are produced by combining results for all life stages. The overall effect can be 

calculating by adding effects of each life stage or by multiplying. For instance, when we use 

survival rate (as percentage) and an effect indicator, the overall results for each scenario can be 

calculated as follows: 

𝐸 = 𝐸1 × 𝐸2 … × 𝐸𝑛  (Equation 1) 

Where: 

𝐸 – overall VC’s survival 

𝑛 – the last life stage of the VC. 

Where effect thresholds are used as effect indicators the overall results can be calculated 

as follows: 

𝐸 = 𝑥1 × (1 − 𝑦1) × … × 𝑥𝑛 × (1 − 𝑦𝑛)   (Equation 2) 

Results from the scenario assessments are compared among the future scenarios and to 

baseline conditions. To determine relative significance of effects, results from different scenarios 

can be compared as a percent change from a baseline or by using a normalized index to indicate 
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relative differences (e.g., an index with values ranging from –1 to 1 where 0 equals ‘no change’, 

similar to the relative moisture index developed by Willmott and Feddema (1992). 

4.2.5 Conclusions and Recommendations 

 

As an outcome of the assessment, multiple different future projections can be evaluated 

ranging from the “most positive” to “most negative”. It is possible that the “positive” scenarios 

will result in more positive changes compared to baseline conditions if, for example, effect 

mitigation or protection measures have stronger effect on the VC than detrimental drivers. 

However, it is also likely that all scenario outcomes will show decrease in effect indicators 

relative to the baseline, and in this case scenario outcomes will range from “least negative” to 

“most negative”. In any case, the assessment will show potential management decisions that can 

be made to steer the future towards more desirable outcomes.       

4.3 Practical Implementation 
 

For an example of practical implementation, we used our methodology to assess future 

survival rates for two anadromous Pacific salmon species, Chinook (Oncorhynchus tshawytscha) 

and Coho (O. kisutch) native to Cowichan River, British Columbia. Our assessment focused on 

the Cowichan River watershed with the two anadromous salmonids, Chinook and Coho, that are 

native to the river selected as VCs. However, the effects are assessed beyond the watershed to 

include conditions in the Strait of Georgia, Juan de Fuca Strait, and the marine environment with 

undefined boundaries where the two populations spend parts of their life.    

The focus of the assessment was on processes that affected the VCs and could be 

managed within a certain geographic area, in our case the Cowichan River watershed. In our 

example, we conjectured that human activities within a watershed could affect physical 

properties (streamflow and temperature) in the river and also physical and biological processes in 
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the coastal marine environment, such as water salinity, temperature and biological productivity 

through altered hydrology and outflows of the Cowichan River that discharges into this 

environment. Therefore, processes within the watershed were speculated to affect both the 

freshwater and marine stages of our VCs at least in the near coastal areas. 

Anadromous salmon have complex life histories and spend their life cycle in both 

freshwater and marine environments. During their early life stages in freshwater, they are 

particularly vulnerable to changes in water temperature, water flow, water quality and other 

environmental factors.  

Many factors that affect salmon survival and development in the open ocean (ocean water 

temperature, salinity, currents, wind, upwelling, decadal oscillations, harvest outside the 

Exclusive Economic Zone, etc.) are outside the influence of management decisions on the local 

or regional scales. However, there are strong indications that survival of salmon in the marine 

environment is at least partially dependent on physical characteristics of freshwater runoff, 

particularly during the vulnerable periods that salmon spend in nearshore marine waters. 

Therefore, human drivers on the local and regional scale, in this case in a watershed, are 

considered as potentially influencing salmon survival and development during both freshwater 

and marine life cycle phases. Scenarios were applied to both freshwater and marine life stages.      

It was recognized that there may be hundreds of different drivers and factors, both human 

and environmental, that affect salmon. For simplicity and practicality, only the factors deemed 

most influential were considered in this assessment. Finally, decisions and human drivers that 

influence salmon populations directly, such as fishing and fisheries management and 

conservation measures (fishing restrictions or habitat restoration) were not considered in this 
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assessment; although they could be included in the future in addition to the physical parameters 

assessed in this example.            

4.3.1 Scoping 
 

The Cowichan River watershed occupies an area of 930 km2 in the southeastern part of 

Vancouver Island and includes Cowichan Lake, Cowichan River and their tributaries. The lake is 

located in the mountainous region at an elevation of 162-165 m above the sea level and 

discharges into the river that runs for 45 km before emptying into the Strait of Georgia between 

Vancouver Island and the mainland of British Columbia (Figure 10). Discharge into the river 

from the lake is regulated through the weir at Cowichan Lake by holding enough water in the 

lake during wintertime to maintain a minimum flow of 7.08 m3/s in summer, while allowing 

water in excess of lake’s storage capacity to overflow the weir freely in winter. 

The Strait of Georgia is connected to the open ocean through Juan de Fuca Strait in the 

south and Johnstone Strait in the north. The circulation in the strait is primarily influenced by 

discharge of Fraser River across the strait from Cowichan River that reaches a maximum in June 

as the winter snowpack melts (Thomson, 1981).  
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Figure 10. Study Area.  
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The two anadromous salmonid populations used as VCs in our study, fall Chinook and 

Coho, spawn in autumn and early winter in the upper reaches of Cowichan river below 

Cowichan Lake (Bert & Robert, 2002; Lill et al., 1975; Lister et al. 1979; Nagtegaal & Riddell, 

1998; Neave, 1943; Pellet, 2017; Tompkins et al., 2005). Early life stages of both species, such 

as egg incubation and juvenile rearing occur in the freshwater environment. Egg incubation for 

both species occurs during winter, and juvenile fish (fry) emerge mainly in the spring of the 

following year.  

Juvenile Chinook (fry) emerge in March-April and spend less than 90 days in the river, 

migrating to the estuary from April through June (Candy et al., 1995; Craig, 2015; Healey, 1991; 

Nagtegaal et al., 2004). Аdaptation to marine life (smoltification) occurs in the estuary where 

juvenile Chinook spend from two to four months (Pearcy, 1992) before migrating to nearshore 

marine areas of the Gulf Islands in the Strait of Georgia in June to September (Atkinson & 

Pellett, 2018; Thakur et al., 2018). It is believed that the majority of Cowichan River Chinook 

population remains in the Strait of Georgia at least for the first several months of their marine 

life (Beamish et al., 2011; Neville et al., 2015), even though some Cowichan Chinook have been 

found to migrate as far north as Queen Charlotte Strait, to the west coast of Vancouver Island 

and as far south as Washington and Oregon (W. Luedke pers. com., as in V. Kommori & Assc., 

2010).    

Cowichan Chinook spend from 1.5 to 4.5 years in the marine environment and return for 

spawning as sexually mature fish primarily at ages of 3 or 4 years with a considerable 

contribution of age-2 males (jacks) (Tompkins et al., 2005). The proportion of age-5 adults is 

considerably smaller and is usually less than 2%.  
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After emergence, which occurs almost at the same time as Chinook’s, Coho juveniles 

spend a full year in the freshwater, until April - May of the following year (Atkinson & Pellet, 

2018; Craig, 2018; Pearce et al., 2020). Coho smolts spend only a brief period in the estuary 

(Pearcy 1992) and enter the Strait of Georgia in May. Until the last few decades Coho were 

thought to remain in the Strait of Georgia for the entire duration of their marine residence 

(Beamish et al., 1999; Chittenden et al., 2009). However, migration of Coho out of the Strait of 

Georgia in October to December of the first year in the marine environment has been observed 

increasingly over the last few decades and is thought to be related to changes in physical 

conditions in the strait due to climate change (Beamish et al., 1999). Coho spend a maximum of 

a year and a half in the marine environment (Pearcy, 1992) and return to the native stream as 

jacks or 3-year-old mature adults (Sandercock, 1991; Pearce et al., 2020).     

Therefore, in our assessment we consider both freshwater and marine stages of Chinook 

and Coho life cycles independently. The geographic limits of the freshwater part of the 

assessment are the boundary of the Cowichan River watershed; the spatial area of the marine part 

are zones of the Northwest Pacific where marine growth and maturity of these two populations 

occurs, mainly the Strait of Georgia and Juan de Fuca Strait.      

The temporal boundaries of the assessment are from the present time to 2050, or 

approximately 30 years from now. These temporal boundaries are within the scope of present 

climate models and are practically foreseeable for decision makers at a local scale.  

The effect indicator used for both VC populations is survival rate expressed as percentage 

of a cohort surviving to the end of each life stage. Effects on salmon survival rates were assessed 

for both freshwater and marine environments and then combined to produce overall survival 

rates for each of four future scenarios developed and assessed as described hereafter.   
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While anadromous Pacific salmon life cycles transition between freshwater and marine 

habitats, there are also transitional periods between the freshwater and marine environments that 

take place in estuaries, with durations varying from species to species (from days to months). 

However, habitat conditions in the estuaries critical for salmon survival are largely dependent on 

riverine runoff and marine physical conditions, and there are no data on estuarine survival that 

could be used in this study. Therefore, estuarine life stages are not considered separately in this 

assessment but are integrated in the marine assessment.    

4.3.2 Key Drivers and Pathways 
 

Effect pathways were determined through extensive literature review of physical factors 

affecting the two species in the freshwater and marine environments and statistical analysis 

examining linkages between available data on survival for each phase of the life-cycle and 

environmental variables in each habitat.       

4.3.2.1 Freshwater Habitat 
 

Water temperature and streamflow are considered the most important physical factors 

influencing survival and production of salmon in freshwater habitats (Beacham & Murray, 1985; 

Bell, 1986; Brett, 1952; Brett et al., 1982; Burck 1993; Carter 2005; Flett et al., 1996; Hicks, 

2000; Lill et al., 1975; Mantua et al., 2010; McCullough et al., 2001; Murray & McPhail, 1988; 

Raleigh et al., 1986; Richter & Kolmes, 2005; Spence et al., 1996; Sullivan et al., 2000). 

Therefore, temperature tolerance and streamflow requirements were selected as our VCs’ main 

sensitivities, while changes in stream temperature and discharge are determined to be the main 

stressors.  

Streamflow and temperature are mainly dependent on meteorological conditions, such as 

air temperature and precipitation, but are also influenced by many other factors, including 
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overland runoff/groundwater partitioning, soil type and thickness, soil moisture conditions, and 

land cover type (SCS, 1974; Mather, 1978), all of which are factors affected by land use 

(Feddema et al., 2013). Therefore, we selected two main drivers of effects on our VCs: land use 

and climate change. These two drivers represent two major forces: local and global (Figure 11). 

 

Figure 11 Freshwater Effect Pathways for Cowichan Salmon 

A series of models were developed to simulate top-down effect pathways for freshwater 

phase of Cowichan River fall Chinook and Coho (Ospan et al. unpublished, Chapter 2 in this 
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dissertation). They included physical models to simulate effects of the land use, the local driver, 

and climate change, the global driver, on discharge and stream temperature, and physico-

biological models to project effects of the two stressors, discharge and stream temperature, on 

salmon survival, the effect indicator.     

To predict streamflow for future scenarios, a daily time-step hydrologic model that uses 

basic water balance methodologies was built using Microsoft Excel software (Feddema et al., 

2013, Savage et al., 1996; Mather, 1978; Ospan et al., unpublished, Chapter 2; Thornthwaite, 

1948;). The model used meteorological input data (air temperature and precipitation) and land 

use data to predict stream flow by partitioning overland runoff from precipitation (SCS, 1974; 

Mather, 1978), estimating potential evapotranspiration (PET; Thorntwaite, 1948), snow 

accumulation, snowmelt (Willmott et al. 1985), soil moisture conditions, actual 

evapotranspiration (AET), moisture surplus and deficit conditions. Details of the models used, 

it’s assumptions, calibration and results can be found in Ospan et al. (unpublished, Chapter 2). 

Model validation showed it to be very effective at simulating conditions at three Water Survey 

Canada (WSC) hydrometric stations measuring Cowichan Lake level, discharge from Cowichan 

Lake to Cowichan River and Cowichan River streamflow at the lower river near Duncan. 

Validation with all three data points based on Legates and McCabe (1999) and Willmott et al. 

(1985, 2012) model validation metrics showed that the model had high explanatory power (e.g., 

dr
17 and R218 for river discharge at Duncan were 0.87 and 0.85 respectively [Ospan et al. 

unpublished, Chapter 2]).   

Factors influencing stream temperature were examined through Pearson correlation and 

stepwise regression analyses using Cowichan River daily water temperature data from August 

 
17 dr – index of agreement. 
18 R2 – coefficient of determination.  
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2000 to July 2012 from a monitoring station near Duncan. The analysis resulted in regression 

equations with high explanatory power (e.g., R2 = 0.94) showing that mean and maximum daily 

stream temperatures were highly dependent (p < 0.05) on 20-day average air temperature (direct 

correlation) and average daily discharge (inverse correlation) (Ospan et al., Chapter 2).  

Cowichan fall Chinook egg-to-fry survival data for a period from 1990 to 2001 (ratio of 

out-migrating fry abundance to an estimated number of eggs produced; Nagtegaal et al., 2004) 

was used to derive relationships between Chinook freshwater survival and physical variables 

such as discharge and stream temperature. These linkages between the effect indicator (survival) 

and stressors (physical variables) were evaluated using correlation analysis and a reverse 

stepwise regression (Ospan et al. unpublished, Chapter 2). 

The stepwise regression analysis selected two variables that affected Chinook freshwater 

survival most significantly (p <0.05): maximum water temperature in December (direct 

correlation) and mean annual monthly maximum water temperature of the brood year (inverse 

correlation). The regression has high explanatory power (R2 = 0.74).  

A second model of salmon survival used the concept of environmental thresholds, similar 

to climate envelope modeling (Pearson & Dawson, 2003; Hijmans & Graham, 2006; Feddema et 

al., 2013). Literature-based temperature and discharge thresholds were applied to two main 

phases of Chinook development in Cowichan River since egg fertilization, incubation, occurring 

during winter (December to February) and fry rearing, occurring mainly in March and April 

(Table 17). In this study we used evidence-based inference that exceedance of the discharge or 

temperature survival thresholds negatively affects salmon survival. The 31-year long model 

simulation of daily discharge and water temperature was used to estimate a survival probability. 

The probability of exceedance of the threshold at any stage was estimated as a ratio of the 
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number of days when thresholds were exceeded to the total number of days of this stage in the 

simulation. The term survival was used as a probability of simulated favourable environmental 

conditions (conditions within the thresholds) for each stage, estimated as follows: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝐷𝑎𝑦𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑𝑠

𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠
,  

or 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠−𝐸𝑥𝑐𝑒𝑒𝑑𝑎𝑛𝑐𝑒 𝑑𝑎𝑦𝑠

𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑦𝑠
 

The product of threshold-based survivals of all freshwater stages was used as an overall 

threshold-based freshwater survival.  

Chinook survival rates predicted by the regression were multiplied by the survival based 

on the thresholds to produce the “final” freshwater survival. This was based on an assumption 

that the observed independent variables used in the regression analysis of Chinook freshwater 

survival were mostly within the normal survival thresholds and, therefore, the regression did not 

account for potential future threshold exceedances.  

No long-term data was available on Cowichan River Coho freshwater survival.  An 

average survival rate of 3.4% was estimated from the literature (Bradford et al., 2000) and used 

as an “intrinsic” Coho freshwater survival on which the estimated threshold-based survival rates 

were applied. For Coho we determined six life history phases in freshwater residence from the 

first winter (egg incubation) to the second spring (smoltification) (Table 17). So, to derive an 

overall freshwater threshold-based Coho survival rate, the product of six threshold-based 

survivals was multiplied by 3.4% to produce the “final” Coho freshwater survival rate.    

 

 

 



94 

 

  

Table 17. Cowichan River Coho and Chinook freshwater normal development and survival 

thresholds (From Ospan et al. unpublished). 

Stage Timing 

Temperature range (° 
C) 

Discharge range (m3/s) 

Lower 
limit 

Upper 
limit 

Lower 
limit 

Upper 
limit 

Chinook 

Incubation 
December - 
February 

2.0 12.0 4.5 212.0 

Fry rearing March - April 5.0 16.0 4.5 212.0 

Coho 

Incubation 
December-
February 

2.0 12.0 4.5 
212.0 

Emergence/ fry March - May 4.4 16.0 4.5 212.0 

Summer parr June - September 4.4 24.0 4.5 212.0 

Fall parr 
October - 
November 

4.4 24.0 4.5 
212.0 

Second winter parr 
December - 
February 

4.4 24.0 4.5 
212.0 

Second spring/ 
smolt 

March - April 4.4 24.0 4.5 
212.0 

 

4.3.2.2 Marine Habitat 
 

Effect pathways in the marine environment were examined by assessing linkages 

between salmon marine survival rates and various environmental physical factors using 

correlation and reverse stepwise regression analyses. Marine survival rates were estimated using 

coded-wire tags (CWTs) inserted into hatchery-raised smolts when released. The number of 2-

year-old fish with CWTs, estimated from fishing reports and counts of fish returned to Cowichan 

River, was divided by the total number of CWTs released (Tompkins et al., 2005). Data for 

hatchery raised Cowichan Chinook for smolt years 1986 to 2013 (brood years 1985 to 2012) was 

obtained from DFO (May 10, 2019; Figure 12). 
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Figure 12. Cowichan River Chinook Marine Survival (DFO, pers. com., May 2019). 

No long-term data on Cowichan River Coho marine survival were available. Instead, 

overall Strait of Georgia hatchery and wild Coho survival rates based on CWT programs were 

used in the analysis; hatchery data consisted of combined CWT-based estimates for Inch, Big 

Qualicum, Chilliwack, and Quinsam hatcheries; wild Coho survival estimates were based on 

CWT-based studies run on Black and Myrtle creeks and Salmon River wild Coho stocks (Irvine 

et al., 2013). Survival data for both hatchery and wild Coho was provided by DFO for 1985 to 

2016 smolt years (Figure 13).     
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Figure 13. Strait of Georgia Coho Marine Survival (%; DFO pers. com.) 

Physical data examined included Cowichan and Fraser river flows, Strait of Georgia and 

Juan de Fuca Strait surface temperature (SST) and sea surface salinity (SSS), air temperature, 

precipitation, monthly extreme gust speed, and open ocean SST. Criteria for data selection 

included geographical closeness to assumed Chinook and Coho habitats and migration pathways, 

and availability of continuous data for the period between 1985 and 2016 (Figure 10Figure 12). 

Stepwise regression analyses resulted in regression models with high explanatory power 

for Chinook and both hatchery-raised and wild Coho marine survival rates. Index of agreement 

dr (Willmott et al., 1985, 2012) values were 0.8, 0.78 and 0.81 for Cowichan Chinook, and Strait 

of Georgia hatchery-raised and wild Coho respectively, and equivalent coefficient of 

determination R2 values are 0.75, 0.7, and 0.77 respectively (Ospan et al. unpublished; Chapter 

3). 
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The stepwise regression showed significant (p < 0.05) dependence of Cowichan River 

Chinook marine survival on three physical variables. Chinook marine survival was inversely 

correlated to July SST at Entrance Island and mean October Cowichan River discharge and was 

directly correlated to October mean minimum daily air temperature at Salt Spring Island.  

Regression analysis of Strait of Georgia hatchery-raised and wild Coho regression 

analyses showed dependence of Coho survival on salinity in Juan de Fuca strait, summer air 

temperature and gust speed at Gulf Islands. Both hatchery-raised and wild Coho marine survival 

showed positive correlation to SSS at Race Rocks (two-year mean for hatchery-raised and mean 

summer for wild), and negative correlations to June to September air temperature (mean 

minimum monthly for hatchery-raised and mean for wild) at Salt Spring Island and to mean 

annual extreme monthly gust speed observed at the Victoria International Airport.  

Therefore, the pathway analyses shows that marine survival of Cowichan River Chinook 

may potentially be affected by changes in land use through changes in discharge of the 

Cowichan River that affects salinity and water temperature in October, as well as by climate 

change through changes in SST and air temperature. At the same time, Coho marine survival 

shows no dependence on variables associated with either Cowichan or Fraser River discharges 

but only on variables directly affected by climate change (Figure 14).      
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Figure 14. Salmon Marine Effect Pathways 

 

 

4.3.3 Scenario Development 
 

The approach to scenario development was similar to that in Duinker (2008), Creed and 

Laurent (2015) and Laurent et al (2015). Four scenarios of divergent futures were created using 

two orthogonal axes that represented major forces of impacts as shown in Figure 15 (Ospan et al. 

unpublished, Chapter 2). Since it was established that the key pathways at the local level 

affecting salmon survival were through changes in hydrology, temperature and precipitation; 

land use and climate change were used as the major drivers that determined the scenarios logic.  

From these two drivers the scenarios were built using the conceptual model shown on Figure 15.  

The Y axis (Global, climate changes) represents two significantly different scenarios of climate 
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change, more extreme and moderate, while the X axis (Local, land use) represented two 

significantly different watershed land cover scenarios, one directed towards forest conservation 

and restoration, and the other towards increasing land development to logging, urbanization and 

agricultural use.  

 

Figure 15. Future Watershed Development Scenarios (from Ospan et al. unpublished, Chapter 

2) 

The four selected scenarios represented each of the quadrants in Figure 15: CM (forest 

conservation and moderate climate change), CE (forest conservation in combination with more 

extreme climate change), DE (land development and more extreme climate change), and DM 
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(land development and moderate climate change; Ospan et al. unpublished, Chapter 2). All four 

of these scenarios were applied to the models simulating stressors in the freshwater phases of 

both salmon species life cycles, while for the marine phase, all four scenarios were applied to 

Chinook future only. Since marine Coho survival does not show any dependence on Cowichan 

River hydrology, only the two climate change scenarios, moderate and extreme, were applied to 

future marine survival of Coho.      

Climate change scenarios were based on Global Climate Models (GCM) high-emission 

climate change scenario RCP 8.5 projections (Collins et al. 2013). The 10-percentile values RCP 

8.5 climate projections for 2050 are used for the moderate climate change scenario (the upper 

end of Y axis in Figure 15), while the 90-percentile projections of the same RCP scenario were 

used for the more extreme scenario (the lower end of the Y axis) (Ospan et al., unpublished; 

Chapter 2 and 3). Two extremes of the same RCP scenario projections were used in the analysis 

because differences between the projections for two different RCPs (e.g., between RCP 8.5 and 

RCP 4.5 or RCP 2.6) were less than the differences projected from the different models for the 

same scenario (e.g., Loder & van der Baaren, 2013; Ishizaki et al., 2012). 

Future projections of air temperature, precipitation, SSS and SST for the assessment 

region for 2050 were taken from open sources available online (e.g., https://pacificclimate.org; 

Lodder & van der Baaren 2013). For example, projected summer and winter temperature 

increases for the Cowichan River valley were 1.8 and 2.0° C respectively for the moderate 

climate change scenario, and 3.3° and 4.2° C respectively for the extreme climate scenario 

(Ospan et al. unpublished). Projected changes in precipitation in the Cowichan River Valley 

were -0.7% in winter and +2.8% in summer for the moderate scenario and +8.1% in winter and -

42% in summer for the extreme scenario. Mean SST in the Strait of Georgia was projected to 
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increase from the baseline (1986-2013) 18.1° C in July to 19.6° C for the moderate climate 

change scenario, and to 22.2° C for the extreme scenario. Mean annual salinity was projected to 

slightly increase from the baseline of 31.1 PSU to 31.3 for the moderate climate scenario and 

decrease to 30.0 PSU for the extreme scenario.  

There were no conclusive future projections of wind speed for the Vancouver Island area 

with literature reviews finding increasing trends (Young et al., 2011), decreasing trends 

(McVicar et al 2012) or no significant trends at all (Merryfield et al., 2009; Morrison et al., 2014; 

Wang et al., 2016). Therefore, gust speeds for the scenarios were based on 54-year (from 1964 to 

2017) mean annual extreme monthly gust speed observations from the Victoria International 

Airport meteorological station. The 10th percentile extreme monthly gust speed was used for the 

moderate scenario and the 90th percentile values was used for the extreme scenario (Ospan et al., 

unpublished; Chapter 3).  

The two hypothetical scenarios of local management, Conservation and Development, 

represented two different attitudes to land use, the former focused on forest restoration and an 

increase in forested land cover, and the latter associated with increases in logging, urban and 

agricultural land cover (Ospan et al., unpublished, Chapter 2). The Conservation scenario 

envisioned an increase in the forest cover from the current 66% of the entire watershed area to 

88%, at the same time decreasing clear-cuts, roads, urban and agricultural land cover from the 

current 27% to 5% of the entire watershed area. The Development scenario envisaged a decrease 

in the forest cover to 32% of the total watershed area, while increasing urban/residential, 

agricultural and clear-cut areas to 61% of the watershed.        
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4.3.4 Scenario Assessment 
 

For each scenario, the entire 31-year long hydrological and temperature models were run 

using the scenario climate change projections for 2050 and the selected land use scenarios. The 

resulting mean discharge and stream temperature projections were then applied to the two 

species freshwater survival models (Ospan et al., unpublished, Chapter 2 and 3).  

Similarly, mean future marine survival rates of each three salmon populations (Chinook, 

hatchery-raised and wild Coho) for each scenario are simulated by running the regression models 

using each scenario’s input variables (Ospan et al., unpublished, Chapters 2 and 3).    

Finally, freshwater and marine survival rates for Cowichan Chinook and Strait of Georgia 

wild Coho were combined (Equation 2) to estimate the overall survival for each scenario. We 

only estimated marine survival for hatchery-raised Coho since freshwater survival scenarios did 

not apply to them.   

4.3.5 Result 
 

Projections for Chinook showed decreases in future survival from the estimated baseline 

for all four scenarios in both freshwater and marine environments (Table 18). As a result, overall 

survival was low for all scenarios. Even for the most optimistic future scenario (CM, 

conservation and moderate climate change) the overall projected survival rate fell below the 

sustainable productivity level that we assume to be at least of one adult progeny per parent.  

The best outcome for Chinook was projected for scenario CM with 4.4% and 0.63% 

survival rates for freshwater and marine phases respectively. Scenario CM was followed by DM 

(Development and Moderate Climate Change) with 4.1% and 0.56% survival rates for freshwater 

and marine phases respectively. Scenario DE showed the lowest freshwater (1.64%) and marine 

(-0.16 [resulting overall is 0.00%]) survivals of all scenarios.  Negative survival rates essentially 
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meant that there would be no survival for these scenarios, but the negative values were used to 

indicate the severity of impacts relative to baseline conditions.     

Future projections showed that, in all scenarios, decreases in marine survival indicated 

reductions in overall survival for all three VCs (tables 18 through 20). None of the three studied 

populations of salmon were likely to survive in the marine environment in the scenarios with 

extreme climate change, while scenarios with moderate climate change showed positive survival 

rates albeit lower than base levels.    

In an exception to all other survival simulations, only wild Coho showed an increase in 

freshwater survival from baseline for future scenarios involving moderate climate change (Table 

19). This was because expected increases in winter air temperature and, consequently, water 

temperature will most likely be more favourable for winter survival of juvenile Coho. The 

projected threshold-based freshwater survival of Coho ranged from 1.98% for scenario DE to 

3.01% for scenario CM. As a result, projected freshwater survival of wild Coho showed a slight 

increase in the scenarios with moderate climate change. However, these favorable freshwater 

survival rates were offset by decreasing survival in the marine environment when considering 

overall survival.  

The baseline and projected marine survival of wild Coho was considerably higher than 

that of hatchery-reared Coho (tables 19 and 20). Wild Coho marine survival was 4.77% and -

6.32% for scenarios with moderate and extreme climate change scenarios respectively, while 

projected hatchery-raised Coho survival was 0.88% and -8.73% in the moderate and extreme 

climate change scenarios, respectively.   

For all three salmon populations, scenarios with moderate climate change resulted in 

higher projected survival in both freshwater and marine environments compared to conditions 
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under extreme climate change. Similarly, for land use, forest conservation resulted in higher 

survival as compared to logging, urban and agricultural development. However, effects on 

salmon survival from changes in land use were weaker compared to effects from climate change. 

To illustrate this, scenario CE (Conservation and extreme climate change) resulted in lower 

projected survival rates compared to the DM scenario (development and moderate climate 

change) for the freshwater phase of both Chinook and Coho and the marine phase of Chinook 

(tables 18 through 20).      

Table 18 Cowichan River Chinook mean historic and projected 2050 survival rates. 

Scenario Freshwater 
survival 
based on 
regression 
(%) 

Freshwater 
survival 
based on 
thresholds 
(%) 

Overall 
freshwater 
survival 
estimate 
(%) 

Marine 
survival 
(%) 

Overall 
survival 
(%) 

Production 
per 
spawner 

Base Scenario 5.79 96.35 5.58 1.30 0.07 1.46 

Scenario DE 1.85 88.92 1.64 -0.16 0.00 0.00 

Scenario CE 2.20 92.92 2.04 -0.08 0.00 0.00 

Scenario DM 4.17 98.39 4.10 0.56 0.02 0.47 

Scenario CM 4.42 98.98 4.38 0.63 0.03 0.56 

 

Table 19. Strait of Georgia wild Coho mean historic and projected 2050 survival rates. 

Scenario Freshwater 
survival 
based on 
literature 
(%) 

Freshwater 
survival 
based on 
thresholds 
(%) 

Overall 
freshwater 
survival 
(%) 

Marine 
survival 
(%) 

Overall 
survival 
(%) 

Production 
per 
spawner 

Base Scenario 3.40 81.02 2.75 5.00 0.14 1.72 

Scenario DE 3.40 58.36 1.98 -6.32 -0.13 0.00 

Scenario CE 3.40 66.34 2.26 -6.32 -0.14 0.00 

Scenario DM 3.40 86.40 2.94 4.77 0.14 1.75 

Scenario CM 3.40 88.52 3.01 4.77 0.14 1.79 

 

 



105 

 

  

Table 20. Strait of Georgia hatchery-raised Coho mean historic and projected 2050 marine 

survival rates. 

Scenario Marine survival (%) 

Base Scenario 3.32 

Scenario DE -8.73 

Scenario CE -8.73 

Scenario DM 0.88 

Scenario CM 0.88 

 

4.4 Discussion 
 

Our study showed that Cowichan River Chinook early life freshwater survival was 

affected by stream temperature and discharge, which, in turn, were dependent on climate factors 

such as air temperature, precipitation and local watershed management. In our model, maximum 

water temperature in December and mean monthly maximum water temperature in the brood 

year explained 75% of the variability in Chinook egg-to-fry survival (Ospan et al., unpublished, 

Chapter 2).   

Because the model for Coho freshwater survival was based on literature-based thresholds 

only, not the stream-specific empirical data, it is less sensitive to future changes in streamflow 

and temperature compared to outcomes for Chinook. Coho freshwater residence is longer than 

that of Chinook and includes summer rearing and winter rearing when stream temperature and 

discharge levels maybe beyond both lower and upper limits of tolerance for normal development. 

Therefore, the effects of stream temperature and stream flow on Coho were most likely 

underestimated in our study and the real Coho early freshwater survival may be lower that what 

we have estimated.    

For freshwater, climate change is a major driver for the survival of both Cowichan River 

Chinook and Coho within the assessment time horizon. Land use also influences salmon 
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freshwater survival with measures towards forest conservation and restorations positively 

affecting survival. However, our scenario assessment showed that land use itself is insufficient to 

adequately mitigate the impacts from climate change. Therefore, other measures to mitigate 

climate change impacts on stream temperature and streamflow should be considered. These 

measures can include discharge management by increasing Cowichan Lake storage capacity, 

increase in groundwater exchange through increasing alluvial system complexity, increase in 

riparian shading, channel management including removal of stream impoundments and reduction 

of channel width during low flow period, reduction of water withdrawal, etc. (Beschta, 1997; 

Norton & Bradford, 2009; Poole & Berman, 2001a, b).     

Our analysis shows that the marine survival of both Chinook and Coho is highly 

correlated with environmental conditions during the first year of marine residence, explaining 

75%, 70% and 77% of survival variability for Chinook, hatchery-raised Coho and wild Coho 

respectively (Ospan et al., unpublished, Chapter 3). These findings support the critical period 

hypothesis by Beamish & Mahnken (2001) that the overall strength and survival of salmon 

cohort is largely determined by juvenile development within the first several months of marine 

residence, and are highly dependent on the environmental conditions within this period (Beamish 

& Mahnken, 2001; Beamish et al. 2010).       

Our study also supports previous observation by Michel (2019) that riverine streamflow 

during early marine residence has an influence on Chinook marine survival. Cowichan River 

October discharge correlates highly with Cowichan Chinook marine survival, assumed to be 

explained by the influence of October river discharge on near shore marine environment 

conditions (e.g., salinity, surface temperature, turbidity, nutrient flows, water column structure, 

etc.), all of which are known critical salmon marine habitat attributes. Therefore, local watershed 
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management in combination with climate change can potentially influence not only Chinook 

freshwater but also marine survival. Therefore, measures that mitigate climate change effects 

within the river watershed can potentially improve chances of Chinook survival in the marine 

environment.  

Our study also suggests that Cowichan River stream conditions in the year following 

incubation are very important for both Chinook and Coho survival. In the case of Coho, who 

spend a whole year in the freshwater environment, stream temperature and discharge directly 

influence juvenile fish as main habitat attributes. In the case of Chinook, riverine discharge 

influences conditions in the near shore environment after they leave the river but are still within 

its influence during that period.   

We also find that wild Coho show higher marine survival rates compared to hatchery-

reared Coho both during baseline conditions and in future projections. This has been previously 

reported for Strait of Georgia Coho (Beamish et al. 2010), and similar trends are reported for 

other salmon species and other regions (Jonsson et al., 2003). This suggests that hatchery-raised 

Coho may be a poor substitute for wild populations, particularly in more dramatic climate 

change scenarios. Logically, hatchery enhancement is beneficial only if hatchery survival is high 

enough to offset for the difference in marine mortality (Locke, 1998), which we do not project to 

be the case. Strait of Georgia hatchery egg-to-smolt survival data is not available to derive any 

conclusion on overall survival of hatchery-raised Coho. Similarly, Beamish at al. (2012) report 

that wild Chinook also experiences better marine survival compared to hatchery Chinook, hence 

it is likely that wild Chinook populations will be more resilient in the future. However, there is 

presently no available data to demonstrate this. 
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In our study we projected scenarios of Chinook and Coho survival from parents spawning 

until progeny return to the native stream. We, however, do not assess survival during spawning 

migration and success of spawning. Even though there is information available on temperature 

thresholds during spawning and general trigger conditions for spawning (e.g., river discharge), 

we do not believe we have enough data to make reliable estimates of survival during spawning 

runs and success of spawning. This would be a logical next step of data gathering and analysis to 

close the loop on salmon life-cycle success as a population.            

4.5 Conclusion 
 

Using our methodology, we assess four potential scenarios of three Cowichan River 

salmon populations.  As a result, we obtain a spectrum of potential fates ranging from no 

survival to more optimistic futures. With the exception of wild Coho, even the most optimistic 

scenarios lead to diminished survival of the VCs. In our most optimistic scenario, we selected a 

conservation-oriented land use management goal that may be difficult to achieve (given that a 

considerable portion of forested land in the Cowichan River watershed is privately owned by 

logging companies) and that the changes in the climate-related conditions that are in low 

probability range for the currently “business as usual” scenario. Intuitively considering that the 

truth is somewhere in the middle of the projected scenarios, the situation raises significant 

concerns for the viability of salmon survival in this region.  

One of the advantages of an effect-based and numeric pathway analysis is that it allows 

evaluators to focus on few important pathways to assess VC success. However, this reduces the 

focus on alternative pathways that may initially seem plausible. In our case, the pathways 

analysis allows us to exclude the premise that the local land use management within our 
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watershed may affect Coho marine survival. This suggests that survival of Coho, particularly in 

the marine environment, may not be amenable to local or regional control.     

Our simplistic models that determined effect pathways and were also used for projecting 

future scenario outcomes were focused on only a few variables as potential stressors with the 

objective of minimizing complexity. Despite the few selected stressors, these variables were still 

able to explain 75% and at least 70% of the variability in our effect indicators in the two 

assessment phases.       

At the same time, assessing a range of future scenarios allow us not to focus on any one 

selected path forward which may not be representative of all possible future outcomes. Instead, 

we have a range of possibilities and, therefore, force consideration of a range of options for 

future outcomes, which in part depend on human or political actions. We should remember that it 

is not our intention or purpose to assign probabilities to our scenarios. We can, however, estimate 

the confidence or explanatory power of our projections since we can estimate goodness of fit or 

predictive accuracies to our models and, if all our scenarios were assessed using the same 

models, our confidence in all our scenarios results should be the same. Therefore, instead of 

focusing on one possibility that can be deemed the most probable, we can see a range of possible 

futures, all having a chance to occur but dependent on the path we choose. Therefore, scenario 

analysis allows us to focus on selecting plans for the future and provide the ability to formulate 

response and adaptation strategies.   

Scenario analysis also allows us to see how sensitive our indicators are to changes in the 

input parameters. Our example assessment shows that there is a considerably stronger response 

to variations related to climate change than to land use options. We used estimates of the same 

“business-as-usual” RCP scenario for alternative climate change scenarios and it is telling that 
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both caused a wide range of negative responses in salmon survival projections, with significantly 

poorer outcomes in the ‘extreme’ climate change scenarios compared to the ‘moderate’ climate 

change scenarios.      

We also conclude that numerical modeling of effect pathways allows assessments to be 

applied to any number of scenarios developed, all with the same confidence of reliability in the 

outcomes. Even though the model may be focused on only a few pathways and stressors, 

scenario assessment allows practitioners to explore a wide variety of management 

decisions/measures and evaluate their effects on the final outcome.  
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Chapter 5. Conclusion 

 

 

5.1 Synopsis 
 

This dissertation aimed to develop a revised methodology for Cumulative Effects 

Assessment (CEA) with the purpose of improving the process by making it both more 

substantive and quantitative.  It also conducted a practical implementation to demonstrate the use 

of the proposed methods. One of the objectives was to propose a simple assessment 

methodology/model that could be used by a practitioner without deep knowledge in specialized 

disciplines, such as animal physiology, hydrology, physical oceanography or modeling.  The 

main framework of our method was scenario assessment, but the general procedure included the 

following:  

• Effect pathways were determined using an effect-based (bottom-up) approach by 

examining linkages from VC sensitivities to potential stressors or combinations of 

stressors in turn influenced by effect drivers and forces behind those drivers. 

• Quantitative models were developed based on statistical or historic trend analysis or 

literature review that predicted responses of the effect indicators (VCs) to changes in 

effect drivers. 

• Scenarios of divergent futures were created that involved different developments of each 

effect driver or force, and the models were applied to each scenario to project the state of 

the studied VCs in each scenario.     

For a practical implementation, the methodology assessed future population trends of two 

anadromous Pacific salmon species, Chinook and Coho native to Cowichan River, British 

Columbia in response to potential changes of major drivers. Since both species’ life cycles 

include freshwater and marine environments the assessment was conducted for both freshwater 



112 

 

  

and marine phases of their life. The focus of the assessment was on processes that could be 

controlled or mitigated through policy or development decisions within a certain geographic 

area, in our case the Cowichan River watershed. The timeframe for this assessment was through 

the year 2050.  

The two main sensitivities and stressors determined for the early freshwater life stage of 

both species were water temperature and streamflow. The pathways analysis established two 

main drivers affecting these stressors, land use and climate change, and two main forces behind 

these stressors, Local and Global human development driven change, respectively. Two models 

were built to simulate effects of stream temperature and streamflow on salmon freshwater 

survival (the effect indicator). One was based on historic trends of Chinook freshwater survival 

correlations with stream temperature and it was developed only for Chinook; the other is based 

on literature-derived temperature and streamflow thresholds for each species. Connections 

between the stressors (stream temperature and streamflow) and drivers (land use and climate 

change) were established through a hydrologic model and stream temperature regression model. 

Effect pathways in the marine environment were derived by linking marine survival of 

Cowichan hatchery-raised Chinook, and Strait of Georgia wild and hatchery-raised Coho, to 

various physical variables using Pearson’s correlation and stepwise regression analyses. It is 

established that Cowichan River Chinook marine survival depended on three physical variables: 

July sea surface temperature (SST) at Entrance Island and mean October Cowichan River 

discharge (reverse correlation) and October mean minimum daily air temperature at Salt Spring 

Island (direct correlation).  

A regression analysis of Strait of Georgia hatchery-raised and wild Coho showed direct 

correlation of Coho survival with sea surface salinity (SSS) at Race Rocks (two-year mean for 
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hatchery-raised and mean summer for wild), reverse correlation with June to September air 

temperature (mean minimum monthly for hatchery-raised and mean for wild) at Salt Spring 

Island and mean annual extreme monthly gust speed observed at the Victoria International 

Airport. 

Therefore, the pathway analyses showed that marine survival of Cowichan River 

Chinook could be affected by changes in land use through Cowichan River discharge in October, 

as well as by climate change through changes in SST and air temperature. At the same time, 

Coho marine survival showed no dependence on Cowichan discharge but only on variables 

directly affected by climate change.      

Future scenarios were developed from combinations of two opposite scenarios for each of 

the two drivers, land use and climate change. Two opposite scenarios of climate change were 

more extreme and moderate change. The two opposite watershed landcover land use scenarios, 

were forest conservation and restoration, and land development to for logging, urbanization and 

agricultural use.  

As a result, four future scenarios were developed, namely CM (forest conservation and 

moderate climate change), CE (forest conservation in combination with more extreme climate 

change), DE (land development and more extreme climate change), and DM (land development 

and moderate climate change). All four of these scenarios were applied to the freshwater phases 

of both salmon species life cycles. For the marine phase, all four scenarios were applied to 

Chinook future only, while for marine Coho survival only the two climate change scenarios, 

moderate and extreme, were applied to future marine survival of Coho; this is because Coho 

survival to spawner return has not shown any dependence on Cowichan River hydrology.      
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The pathway models developed for the freshwater and marine survival of each of the 

assessed salmon populations were applied to each of the four scenarios. The resulting survival 

rates for freshwater and marine environments were combined (multiplied) to obtain the overall 

survival rate for each of the studied populations.   

5.2 Practical Implementation 
 

5.2.1 Results 
 

Future projections showed a decrease in marine survival by 2050 for all three studied 

salmon populations in all scenarios. None of them were likely to survive in the marine 

environment in scenarios with extreme climate change, while scenarios with moderate climate 

change show positive survival rates albeit lower than present-day baseline levels.    

In the freshwater environment, only two scenarios with moderate climate change for wild 

Coho projected a slight increase in early survival in comparison to the baseline, while the 

scenarios with extreme climate change for Coho and all four scenarios for Chinook resulted in 

decreases in freshwater survival.  

For both assessed salmon species, scenarios with moderate climate change resulted in 

higher projected survival in both freshwater and marine environments as compared to the more 

extreme climate change scenarios. For land use, Conservation scenarios resulted in higher 

survival as compared to Development scenarios. As a result, the highest survival was projected 

for scenario CM (Conservation and moderate climate change), while the lowest survival was 

projected for scenario DE (Development and extreme climate change) for both phases and 

populations where the land use driver was applicable. However, the influence of changes in land 

use on salmon survival was weaker than the influence of climate change. So, scenario CE 

(Conservation and extreme climate change) resulted in lower projected survival rates compared 
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to DM (Development and moderate climate change) for the freshwater phase of both Chinook 

and Coho and the marine phase of Chinook. Furthermore, none of the assessed populations are 

likely to survive in the scenarios with extreme climate change due to low freshwater survival and 

projected negative marine survival.         

5.2.2 Major Findings and Key Points 
 

Cowichan Chinook freshwater survival is affected by physical variables, such as water 

temperature and discharge, which, in turn, are dependent on climate factors such as air 

temperature and precipitation and local watershed management. Maximum water temperature in 

December and mean monthly maximum water temperature in the brood year can explain 75% 

variability in Chinook egg-to-fry survival.  

Therefore, climate change is a major driver that will be affecting the fate of Chinook in 

the Cowichan River over the next three decades and beyond. Land use has been shown to 

influence salmon freshwater survival with measures towards forest conservation and restorations 

positively affecting survival. Land use scenarios considered in our assessment, however, are 

insufficient to adequately mitigate climate impacts. Therefore, other measures of stream 

temperature and streamflow management are important to consider. These measures may 

include, but not necessarily be limited to, increase in storage capacity of Cowichan Lake 

reservoir, increase in groundwater exchange through increasing alluvial system complexity, 

riparian shading, channel management including removal of stream impoundments and reduction 

of channel width during low flow period, reduction of water withdrawal, etc. (Beschta, 1997; 

Norton and Bradford, 2009; Poole and Berman, 2001a, b).     

The model for Coho freshwater survival was less sensitive than that for Chinook. This 

was primarily because Coho freshwater survival was estimated using threshold-based survival 
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model only. Therefore, effects of stream temperature and stream flow on Coho were most likely 

underestimated in our study. Even the threshold-based model showed that Coho has higher 

survival variability and, generally, lower survival rates based on temperature and discharge 

thresholds than Chinook. Cowichan River Coho freshwater residence includes summer rearing 

and winter rearing when stream temperature and discharge levels maybe beyond both lower and 

upper limits of tolerance for normal development. This makes Coho potentially more vulnerable 

than Chinook to future changes in temperature and stream flow. The Coho freshwater survival 

models used in this study however showed that future temperature increases may improve 

chances of second winter survival.         

Analysis of marine survival of all three studied populations showed that the first few 

months in the marine environment were the most important in marine survival and that the 

environmental conditions during these few months determined their overall adult development 

and success. Thus, the study confirms the critical period hypothesis proposed by Beamish and 

Mahnken (2001).  

The study showed that marine survival was mostly influenced by climatic and 

oceanographic conditions in the Strait of Georgia and partially in the Juan de Fuca Strait during 

the first-year residence in the marine environment. These conditions explained at least 70% of 

the variability in the marine survival of these three salmon populations. These findings 

confirmed conclusions of pervious authors (e.g., Beamish et al., 2004, 2010) that the decreases in 

salmon marine survival in the recent decades were related to climate change.   

Our analysis suggested that ongoing decreases in salmon marine survival would continue 

in the future in all of our scenarios. Even in the best-case scenario for wild Coho, marine survival 

will continue to decline. In most cases salmon production in the Strait of Georgia in general and 
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Cowichan River, in particular, may stop by mid-century due to very poor marine survival and the 

decline may not be stopped unless climate change is impeded or slowed.  Alternative coping 

strategies to mitigate the impacts of climate change may include reorientation of fisheries to new 

species that may occupy the historic salmon habitats and ranges (Cheung et al., 2011).         

From this study there was evidence that wild Coho showed higher marine survival rates 

compared to hatchery-reared Coho both for baseline conditions and in future projections, a result 

supported by previously reported observations for Strait of Georgia Coho (Beamish et al. 2010). 

Similar trends have been reported for other salmon species and other regions (Jonsson et al., 

2003). This suggests that hatchery-raised Coho will be a poor substitute for wild populations, 

particularly in more dramatic climate change scenarios. The proponents of hatchery enhancement 

argue that it increases overall survival because it bypasses detrimental effects from freshwater 

conditions that cause high mortality during early-life stages (Kennedy, 1988; White, 1994), even 

though hatcheries also experience issues causing high mortality (e.g., harmful algae [McCully, 

pers.com.]), hatchery survival is suggested to be considerably higher than wild early-life salmon 

survival (Gardner et al., 2004; McCully, pers. com.). However, hatchery enhancement is 

beneficial only if hatchery survival is high enough to offset for the difference in marine mortality 

(Locke, 1998). Data on Strait of Georgia hatchery egg-to-smolt output is not available to derive 

any conclusion on overall survival of hatchery-raised Coho. Furthermore, efficiency of hatchery 

enhancement is debated with some suggesting that inadequate timing of release may have 

contributed to poor marine survival of hatchery salmon (Gardner et al., 2004; Chittenden et al., 

2018) and that better release timing and general management of hatchery-raised smolts may 

improve their marine survival. There are also indications that hatchery salmon affects survival 

and success of wild salmon (Gardner et al., 2004) and that removal of hatcheries may improve 



118 

 

  

the success of wild populations (Jones et al., 2018). While important, this topic is outside of the 

scope of our study.  

Another important finding of the analysis was that marine survival of Cowichan Chinook 

was influenced by Cowichan River October discharge and its effect on conditions of nearshore 

marine environmental (e.g., salinity, mixing, turbidity, nutrient flows, temperature stratification, 

etc.), a critical habitat for some salmon life cycle phases. Therefore, land use management and 

other stream management measures within the river watershed may influence Chinook marine 

survival.   

Therefore, Cowichan River conditions in the year following incubation are very 

important for both Chinook and Coho. In the case of Coho who spend another year in the 

freshwater environment, stream temperature and discharge directly influence juvenile fish as 

main habitat attributes. For Chinook, after smolts leave the river, riverine discharge influences 

near shore environment conditions that are also critical for juvenile fish.   

5.2.3 Sources of Uncertainty and Suggested Future Research 
 

For Chinook, we used a model based on the wild population for freshwater survival and a 

model based on hatchery raised population for the marine environment. Based on the comparison 

between the wild and hatchery raised Coho marine survival and literature on Strait of Georgia 

Chinook (Beamish et al., 2012), it is very possible that wild Chinook marine survival is higher 

than that of hatchery-raised Chinook that we used in the study. Therefore, obtaining long-term 

information on wild Cowichan Chinook marine survival would be a logical next step. This would 

produce more accurate projections of Cowichan Chinook overall survival. 

In our study of the Cowichan River salmon populations we use data for Strait of Georgia 

Coho populations for marine survival and literature-based information for the freshwater survival 
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model. Therefore, studies on Cowichan Coho freshwater and marine survival are necessary for 

more accurate determination of effect pathways and modeling for both freshwater and marine 

environments.  

Alternatively, a similar study on combined freshwater and marine salmon survival could 

be conducted on all Strait of Georgia stream watersheds. This will require data on salmon 

survival from the other streams of the Strait of Georgia and hydrologic modeling for all streams 

combined, including the Fraser River. This would be a very interesting study that would give a 

perspective on land management options for salmon conservation for the entire region.  

This study assessed Chinook and Coho survival from the moment of parent spawning 

until progeny return to the native stream. What was not included in the study is assessment of 

success of upstream migration and spawning. There was not enough data to make estimates of 

survival during spawning runs and success of spawning. This should be the next step of 

assessment to close the loop on salmon life-cycle success as a population.                

The scenario analysis showed that land use options considered in the assessment were not 

sufficient to offset the impact from climate change on salmon survival. Therefore, other 

measures of temperature and streamflow management should be included in the analysis to 

define the most suitable mitigation strategies to overcome the effects of climate change.  

5.3 Evaluation of Methodology 
 

In our assessment we used simplistic models that determined the main sensitivities of two 

salmon species and focused only on few variables as potential stressors. Viability of the stressor 

selection was verified through numerical models, which were also used for projecting future 

scenario outcomes. The objectives of focusing on only a few stressors were for simplicity in 

determining the pathways and making future projections. These few selected stressors, however, 
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in our case explained 75% and at least 70% of variability in our effect indicators in the two of 

our assessment phases.       

The proposed quantitative modeling helps to identify and focus on few, but the most 

significant, effect pathways and eliminates less significant pathways.  The combination of 

scenario analysis and numeric modeling allows the user to test how vital and strong the selected 

stressors are for the VCs and to see how sensitive the effect indicators are to changes in the 

stressors. In our example, there was a considerably stronger response to variations related to 

climate change than to land use options indicating that land use management by itself cannot 

offset the climate change impacts.  

The quantitative analysis that establishes few but significant pathways helps to overcome 

the main disadvantage of scenario assessment, which is the lack of certainty of each selected 

scenario. We can estimate the confidence or explanatory power of our predictions since we can 

estimate goodness of fit or predictive accuracies of our models.  Furthermore, if all our scenarios 

were assessed using the same models, our confidence in results should be the same for all 

scenarios.       

Even though our assessment is focused on few pathways and stressors, numeric models 

can be applied to any number of future scenarios. Therefore, a wide variety of development 

options, management tools and potential future directions can be evaluated for their effects on 

the selected VCs with the same confidence.   

  



121 

 

  

References 

 

Azcárate, J., Balfors, B., Bring, A., & Destouni, G. (2013). Strategic environmental assessment 

and monitoring: Arctic key gaps and bridging pathways. Environmental Research Letters, 

8(4), 044033. 

Barrow, C. J. (1995). Environmental impact assessment: Cutting edge for the twenty‐first century, 

A. Gilpin. Cambridge university press, Cambridge, 1995. ISBN 0 52141931x,£ 40.00 

(hardback), 0 521 42967 6,£ 13.95 (paperback), xv+ 182 pp. 

Beacham, T. D., & Murray, C. B. (1985). Effect of female size, egg size, and water temperature 

on developmental biology of chum salmon (Oncorhynchus keta) from the Nitinat River, 

British Columbia. Canadian Journal of Fisheries and Aquatic Sciences, 42(11), 1755-

1765. 

BC EAO. (2013). Guideline for the selection of valued components and assessment of potential 

effects. Prepared by the BC Environmental Assessment Office. 

Beamer, E. M., & Pess, G. R. (1999). Effects of peak flows on Chinook (Oncorhynchus 

tshawytscha) spawning success in two Puget Sound river basins. Watershed Management 

to Protect Declining Species. Am Water Resour Assoc, Middleburg, 67-70. 

Beamish, R. J., Lange, K. L., Neville, C. E., Sweeting, R. M., & Beacham, T. D. (2011). Structural 

patterns in the distribution of ocean-and stream-type juvenile Chinook salmon populations 

in the Strait of Georgia in 2010 during the critical early marine period. NPAFC Doc, 1354, 

27. 

Beamish, R. J., & Mahnken, C. (2001). A critical size and period hypothesis to explain natural 

regulation of salmon abundance and the linkage to climate and climate change. Progress 

in Oceanography, 49(1-4), 423-437. 



122 

 

  

Beamish, R. J., McFarlane, G. A., & Thomson, R. E. (1999). Recent declines in the recreational 

catch of coho salmon (Oncorhynchus kisutch) in the Strait of Georgia are related to climate. 

Canadian Journal of Fisheries and Aquatic Sciences, 56(3), 506-515. 

Beamish, R. J., Schnute, J. T., Cass, A. J., Neville, C. M., & Sweeting, R. M. (2004). The influence 

of climate on the stock and recruitment of pink and sockeye salmon from the Fraser River, 

British Columbia, Canada. Transactions of the American Fisheries Society, 133(6), 1396-

1412. 

Beamish, R. J., Sweeting, R. M., Lange, K. L., Noakes, D. J., Preikshot, D., & Neville, C. M. 

(2010). Early marine survival of coho salmon in the Strait of Georgia declines to very low 

levels. Marine and Coastal Fisheries, 2(1), 424-439. 

Beamish, R.J., Sweeting, R.M., Lange, K.L. and Neville, C.M. (2008). Changes in the population 

ecology of hatchery and wild coho salmon in the Strait of Georgia. Transactions of the 

American Fisheries Society, 137(2), 503-520. 

Beamish, R.J., Sweeting, R.M., Neville, C.M., Lange, K.L., Beacham, T.D. and Preikshot, D. 

(2012). Wild Chinook salmon survive better than hatchery salmon in a period of poor 

production. Environmental Biology of Fishes, 94(1), pp.135-148. 

Beechie, T., Beamer, E., & Wasserman, L. (1994). Estimating coho salmon rearing habitat and 

smolt production losses in a large river basin, and implications for habitat restoration. North 

American Journal of Fisheries Management, 14(4), 797-811. 

Beschta, R. L. (1997). Riparian shade and stream temperature; an alternative perspective. 

Rangelands Archives, 19(2), 25-28. 

Bishop, P., Hines, A., & Collins, T. (2007). The current state of scenario development: an overview 

of techniques. foresight. 



123 

 

  

Blackbourn, D. J. (1990). Comparison of release size and environmental data with the marine 

survival rates of some wild and enhanced stocks of pink and chum salmon in British 

Columbia and Washington State. In Proceedings 14th Northeast Pacific Pink and Chum 

Salmon Workshop, 1990. Washington Department of Fisheries. 

Blackbourn, D. J. (1985). The “salinity” factor and the marine survival of Fraser River pinks and 

other stocks of salmon and trout. In Proceedings 1985 Northeast Pacific Pink and Chum 

Salmon Workshop, BG Shephard, ed. Department of Fisheries and Oceans, Vancouver, 

BC (pp. 67-75). 

Bradford, M. J., Myers, R. A., & Irvine, J. R. (2000). Reference points for coho salmon 

(Oncorhynchus kisutch) harvest rates and escapement goals based on freshwater 

production. Canadian Journal of Fisheries and Aquatic Sciences, 57(4), 677-686. 

Brears, R. C. (2018). Blue and green cities: The role of blue-green infrastructure in managing 

urban water resources. Palgrave Macmillan. https://doi.org/10.1057/978-1-137-59258-3 

Brears, R. C. (2018). Blue and green cities: the role of blue-green infrastructure in managing 

urban water resources. Springer. 

Brett, J. R. (1952). Temperature tolerance in young Pacific salmon, genus Oncorhynchus. Journal 

of the Fisheries Board of Canada, 9(6), 265-323. 

Brett, J. R., & Shelbourn, J. E. (1982). Experiments on Thermal Requirements for Growth and 

Food Conversion Efficiency of Juvenile Chinook Salmon. 

Brodeur, R. D., Daly, E. A., Benkwitt, C. E., Morgan, C. A., & Emmett, R. L. (2011). Catching 

the prey: Sampling juvenile fish and invertebrate prey fields of juvenile coho and Chinook 

salmon during their early marine residence. Fisheries Research, 108(1), 65-73. 

 

https://doi.org/10.1057/978-1-137-59258-3


124 

 

  

British Columbia Environmental Assessment Office (BC EAO) (2013) Guidelines for the 

Selection of Valued Components and Assessment of Potential Effects. Available at: 

http://www.eao.gov.bc.ca/files/EAO-Guidance-Selection-of-Valued-Components.pdf 

British Columbia Government (BC Government). (2014). Cumulative Effects Framework. 

Available: https://www2.gov.bc.ca/gov/content/environment/natural-resource-

stewardship/cumulative-effects-framework. Accessed March 2, 2021. 

Burck, W. A. (1994). Life history of spring chinook salmon in Lookingglass Creek, Oregon. 

Oregon Department of Fish and Wildlife. 

Burns, T., Harding, E. A., & Tutty, B. D. (1988). Cowichan River assessment (1987): The 

influence of river discharge on sidechannel fish habitats. 

Burris, R. K., & Canter, L. W. (1997). Facilitating cumulative impact assessment in the EIA 

process. International journal of environmental studies, 53(1-2), 11-29. 

Burt, D. W. (2002). A review of environmental factors affecting the production of Cowichan River 

Chinook salmon. Prepared for: Fisheries and Oceans Canada, Oceans and Community 

Stewardship, Nanaimo, BC May, 10, 2002. 

Burt, D. W., & Wightman, J. C. (1997). The fish resources of the Cowichan River and their 

economic value. Prepared for the BC Ministry of Environment, Lands and Parks, 

Nanaimo, BC 38 p. 

Burt, D. W., Wright, M., Sheng, M., & Branch, H. E. (2005). Cowichan River Chinook salmon 

incubation assessment, 2004–2005. Prepared for the Pacific Salmon Commission, 

Vancouver, BC. 

Burt, J. E., Barber, G. M., & Rigby, D. L. (2009). Elementary statistics for geographers. Guilford 

Press. 



125 

 

  

 

Cairns, J. Jr. (1986) Scientific perspective: freshwater in G.E Beanlands, W.J Erckmann, G.H 

Orians, J O'Riordan, D Policansky, M.H Sadar, and B Sadler (Eds.), Proceedings of the 

Workshop on Cumulative Environmental Effects: A Binational Perspective. Canadian 

Environmental Assessment Research Council and U.S. National Research Council, 

Ministry of Supply and Services, Cat. No. En 106-2/1985, Ottawa, ON, Canada, pp. 39-43 

Canadian Council of Ministers of the Environment (CCME). (2009). Regional Strategic 

Environmental Assessment in Canada. Environmental Research, 1-27. 

Canadian Council of Ministers of the Environment (CCME), (2014) Canada-wide Definitions and 

Principles for Cumulative Effects, Available at: 

https://www.ccme.ca/files/Resources/enviro_assessment/CE%20Definitions%20and%20

Principles%201.0%20EN.pdf. Accessed March 7, 2021.  

Canadian Council of Ministers of the Environment (CCME). (2009). Regional Strategic 

Environmental Assessment in Canada. Environmental Research, 1-27. 

Candy, J.R., D.A. Nagtegaal and B. Riddell. (1995). A preliminary report on juvenile chinook 

production in the Cowichan River during 1991 and 1992. Can. Manuscr. Rep. Fish. Aquat. 

Sci. 2329, 64  

Canter, L. and B. Ross, 2010. State of practice of cumulative effects assessment and management: 

the good, the bad and the ugly. Impact Assessment and Project Appraisal, 28:4, 261-268  

Carlson, M. J., Mitchell, R., & Rodriguez, L. (2011). Scenario analysis to identify viable 

conservation strategies in Paraguay’s imperiled Atlantic forest. Ecology and Society, 16(3). 

Carter, K. (2005). The effects of temperature on steelhead trout, coho salmon, and Chinook salmon 

biology and function by life stage. California regional water quality control board, 1-26. 

https://www.ccme.ca/files/Resources/enviro_assessment/CE%20Definitions%20and%20Principles%201.0%20EN.pdf
https://www.ccme.ca/files/Resources/enviro_assessment/CE%20Definitions%20and%20Principles%201.0%20EN.pdf


126 

 

  

Cederholm, C. J., & Scarlett, W. J. (1981, June). Seasonal immigrations of juvenile salmonids into 

four small tributaries of the Clearwater River, Washington, 1977-1981. In Proceedings of 

the Salmon and Trout Migratory Behavior Symposium. School of Fisheries, University of 

Washington, Seattle, WA (pp. 98-110). 

Cheung, W. W. L., Zeller, D., & Pauly, D. (2011). Projected species shifts due to climate change 

in the Canadian marine ecoregions; report prepared by Fisheries Centre. Université de 

British Columbia, à l’intention de Environnement Canada. 

Chittenden, C.M., Beamish, R.J., Neville, C.M., Sweeting, R.M. and McKinley, R.S. (2009). The 

use of acoustic tags to determine the timing and location of the juvenile coho salmon 

migration out of the Strait of Georgia, Canada. Transactions of the American Fisheries 

Society, 138(6), 1220-1225. 

Chittenden, C. M., Sweeting, R., Neville, C. M., Young, K., Galbraith, M., Carmack, E., ... & 

Beamish, R. J. (2018). Estuarine and marine diets of out-migrating Chinook Salmon smolts 

in relation to local zooplankton populations, including harmful blooms. Estuarine, Coastal 

and Shelf Science, 200, 335-348. 

Clark, T. D., Furey, N. B., Rechisky, E. L., Gale, M. K., Jeffries, K. M., Porter, A. D., ... & Hinch, 

S. G. (2016). Tracking wild sockeye salmon smolts to the ocean reveals distinct regions of 

nocturnal movement and high mortality. Ecological Applications, 26(4), 959-978. 

Clarke Murray, C., Mach, M.E., & Martone, R.G. (2014). Cumulative Effects in Marine 

Ecosystems: Scientific perspectives on its challenges and solutions. WWF Canada / Center 

for Ocean Solutions, 62, cumulativeeffects__updated_forwebupload_singlepages.pdf 

(wwf.ca). Accessed February 2021. 



127 

 

  

Collins, M., Knutti, R., Arblaster, J., Dufresne, J. L., Fichefet, T., Friedlingstein, P., ... & Booth, 

B. B. (2013). Long-term climate change: projections, commitments and irreversibility. In 

Climate Change 2013-The Physical Science Basis: Contribution of Working Group I to the 

Fifth Assessment Report of the Intergovernmental Panel on Climate Change (pp. 1029-

1136). Cambridge University Press. 

Compass Resource Management (Compass). (2018). Cowichan Water Use Plan. Public Advisory 

Group Summary Report. Available: cowichanwup_finalreport_oct30_2018.pdf 

(wordpress.com). Accessed May 15, 2020. 

Connelly, R. B. (2011). Canadian and international EIA frameworks as they apply to cumulative 

effects. Environmental Impact Assessment Review, 31(5), 453-456. 

Cornish E., 2004. Futuring: the exploration of the future. Bethesda, MD: World Future Society. 

313 pp. 

Craig, J.D.C. (2015). Early Life History and Critical Rearing Habitat Requirements of Cowichan 

River Chinook Salmon. Prepared for Salish Sea Marine Survival Project, Strait of Georgia 

Program, Fisheries and Oceans Canada, Living Rivers –Georgia Basin/Vancouver Island 

Creed, I. F., & Laurent, K. L. (2015). The great lakes futures project. Journal of Great Lakes 

Research, 41(1), 1-7. 

Culp, J.M., Cash, K.J., & F.J. Wrona, (2000). Integrated assessment of ecosystem integrity of large 

northern rivers:the Northern River Basins study example. J Aquat Ecosyst Stress Recovery; 

8,1–5. 

Culp, J. M., Cash, K. J., & Wrona, F. J. (2000). Integrated assessment of ecosystem integrity of 

large northern rivers: the Northern Rivers Basins Study example. Journal of Aquatic 

Ecosystem Stress and Recovery, 8(1), 1-5. 



128 

 

  

Cumulative Effects Framework (CEF), 2014. Addressing Cumulative Effects in Natural Resource 

Decision-Making. CEF Overview Report February 2014     

Cumulative Effects Assessment Working Group (CEAWG). (1999). Cumulative effects 

assessment practitioners guide. Canadian Environmental Assessment Agency. 

Dawson, R., R. Hoffos, M. McGir, 2015. A Broad Scale Cumulative Impact Assessment 

Framework for the Cariboo-Chilcotin 

DeVries, P. (1997). Riverine salmonid egg burial depths: review of published data and 

implications for scour studies. Canadian Journal of Fisheries and Aquatic Sciences, 54(8), 

1685-1698. 

Doelle, M., Bankes, N. and L. Porta (2013). Using Strategic Environmental Assessments to Guide 

Oil and Gas Exploration Decisions: Applying Lessons Learned from Atlantic Canada to 

Beaufort Sea. RECIEL 22 (1): 103-116.   

De Lange, H. J., Sala, S., Vighi, M., & Faber, J. H. (2010). Ecological vulnerability in risk 

assessment—a review and perspectives. Science of the total environment, 408(18), 3871-

3879. 

Drouin C, LeBlanc P. The Canadian environmental assessment act and cumulative environmental 

effects. In: Kennedy AJ, editor. Cumulative effects assessment in Canada: from concept to 

practice. Fifteenth Symposium of Alberta Society of Professional Biologists, 13 – 14 April 

1994, Calgary, AB, Canada. Edmonton, AB, Canada: Alberta Association of Professional 

Biologists; 1994. p. 25 – 36. 

Dube, M.G. (2003) Cumulative Effects Assessment in Canada: a Regional Framework for Aquatic 

Ecosystems. Environmental Impact Assessment Review, 23(6), 723-745 



129 

 

  

Dubé, M., Johnson, B., Dunn, G., Culp, J., Cash, K., Munkittrick, K., ... & Storey, A. (2006). 

Development of a new approach to cumulative effects assessment: a northern river 

ecosystem example. Environmental monitoring and assessment, 113(1), 87-115.  

Duinker, P. (2008). Scenarios of the forest futures project: why and how we created them, and how 

to use them. 

Duinker, P., and Greig, L.A.  (2006). The impotence of cumulative effects assessment in Canada: 

ailments, and ideas for redeployment. Environ Manag. 37(2):153–61. 

Durance, P., & Godet, M. (2010). Scenario building: Uses and abuses. Technological forecasting 

and social change, 77(9), 1488-1492. 

Duinker, P. N., & Greig, L. A. (2007). Scenario analysis in environmental impact assessment: 

Improving explorations of the future. Environmental impact assessment review, 27(3), 

206-219.  

Durance, P., & Godet, M. (2010). Scenario building: Uses and abuses. Technological forecasting 

and social change, 77(9), 1488-1492. 

Feddema, J. J., Mast, J. N., & Savage, M. (2013). Modeling high-severity fire, drought and climate 

change impacts on ponderosa pine regeneration. Ecological Modelling, 253, 56-69. 

Fisher, J. P., & Pearcy, W. G. (1988). Growth of juvenile coho salmon (Oncorhynchus kisutch) 

off Oregon and Washington, USA, in years of differing coastal upwelling. Canadian 

Journal of Fisheries and Aquatic Sciences, 45(6), 1036-1044. 

Flett, P. A., Kraak, G. V. D., Munkittrick, K. R., & Leatherland, J. F. (1996). Overripening as the 

cause of low survival to hatch in Lake Erie coho salmon (Oncorhynchus kisutch) embryos. 

Canadian Journal of Zoology, 74(5), 851-857. 



130 

 

  

Foster, S. B., & Allen, D. M. (2015). Groundwater—surface water interactions in a mountain-to-

coast watershed: effects of climate change and human stressors. Advances in Meteorology, 

2015. 

Gardner, J., Peterson, D. L., Wood, A., & Maloney, V. (2004). Making sense of the debate about 

hatchery impacts: interactions between enhanced and wild salmon on Canada’s Pacific 

coast. Pacific Fisheries Resource Conservation Council, Vancouver. British Columbia. 

Greene, C. M., Jensen, D. W., Pess, G. R., Steel, E. A., & Beamer, E. (2005). Effects of 

environmental conditions during stream, estuary, and ocean residency on Chinook salmon 

return rates in the Skagit River, Washington. Transactions of the American Fisheries 

Society, 134(6), 1562-1581. 

Greig L., K. Pawley, and P. Duinker, (2004). Alternative scenarios of future development: an aid 

to cumulative effects assessment. Gatineau, QC: Canadian Environmental Assessment 

Agency. 35 pp. 

Hanna, K. S. (Ed.). (2009). Environmental impact assessment: practice and participation. Oxford 

University Press, USA. 

Hawken, P., Schwartz, P. and Ogilvy, J., 1982. Seven Tomorrows: Toward a Voluntary History, 

Bantam Books, New York, NY. (cited in Bishop et al 2007) 

Healey, M. C. (1991). Life history of chinook salmon (Oncorhynchus tshawytscha). Pacific 

salmon life histories, 311-394. 

Hegmann, G., Cocklin, C., Creasey, R., Dupuis, S., Kennedy, A., Kingsley, L., ... & Stalker, D. 

(1999). Cumulative effects assessment practitioners guide. 



131 

 

  

Hijmans, R.J. and Graham, C.H. (2006). The ability of climate envelope models to predict the 

effect of climate change on species distributions. Global change biology, 12(12), 2272-

2281. 

Hicks, M. (2000). Evaluating standards for protecting aquatic life in Washington’s surface water 

quality standards. Draft discussion paper and literature summary. Revised 2002. 

Washington State Department of Ecology, Olympia, WA, 197  

Holtby, L. B., Andersen, B. C., & Kadowaki, R. K. (1990). Importance of smolt size and early 

ocean growth to interannual variability in marine survival of coho salmon (Oncorhynchus 

kisutch). Canadian Journal of Fisheries and Aquatic Sciences, 47(11), 2181-2194. 

Holtby, L. B., & Healey, M. C. (1986). Selection for adult size in female coho salmon 

(Oncorhynchus kisutch). Canadian Journal of Fisheries and Aquatic Sciences, 43(10), 

1946-1959. 

Intergovernmental Panel on Climate Change (IPCC). 2000. Special Report on Emissions 

Scenarios. Cambridge University Press. 570 pp. 

http://www.ipcc.ch/ipccreports/sres/emission/index.htm 

Intergovernmental Panel on Climate Change (IPCC). 2013. Climate Change 2013: The Physical 

Science Basis. Available at: http://www.ipcc.ch/report/ar5/wg1/. Accessed; April 2017. 

Irvine, J. R., & Fukuwaka, M. A. (2011). Pacific salmon abundance trends and climate change. 

ICES Journal of Marine Science, 68(6), 1122-1130. 

Irvine, J. R., O’Neill, M., Godbout, L., & Schnute, J. (2013). Effects of smolt release timing and 

size on the survival of hatchery-origin coho salmon in the Strait of Georgia. Progress in 

Oceanography, 115, 111-118. 

http://www.ipcc.ch/ipccreports/sres/emission/index.htm


132 

 

  

Ishizaki, Y., Shiogama, H., Emori, S., Yokohata, T., Nozawa, T., Ogura, T., ... & Takahashi, K. 

(2012). Temperature scaling pattern dependence on representative concentration pathway 

emission scenarios. Climatic Change, 112(2), 535-546. 

Jay, S., S. Jones, P. Slinn, and C. Wood, (2007). Environmental Impact Assessment: Retrospect 

and Prospect. Environmental Impact Assessment Review, 27, 287–300 

Jones, K. K., Cornwell, T. J., Bottom, D. L., Stein, S., & Anlauf‐Dunn, K. J. (2018). Population 

viability improves following termination of Coho Salmon hatchery releases. North 

American Journal of Fisheries Management, 38(1), 39-55. 

Jonsson, N., Jonsson, B. and Hansen, L.P. (2003), The marine survival and growth of wild and 

hatchery‐reared Atlantic salmon. Journal of Applied Ecology, 40, 900-911. 

https://doi.org/10.1046/j.1365-2664.2003.00851.x 

Judd, A. D., Backhaus, T., & Goodsir, F. (2015). An effective set of principles for practical 

implementation of marine cumulative effects assessment. Environmental Science & Policy, 

54, 254-262. 

Kahn, H., and A. J. Wiener, (1967). The year 2000: a framework for speculation on the next thirty-

three years. Macmillan, New York. (cited in Peterson et al 2003)   

Kennedy, G. J. A. (1988). Stock enhancement of Atlantic salmon (Salmo salar L.). In Atlantic 

Salmon (pp. 345-372). Springer, Dordrecht. 

Kominkova, D. (2008) Environmental Assessment and Application, Part 1 and Part 2. In 

Jorgensen, S.E. and B.D. Fath. Encyclopedia of Ecology. p 1321-1339.   

Komori, K., and Assc. (2010). Cowichan River Fall Chinook Habitat Status Report. Prepared for 

Fisheries and Oceans Canada. 



133 

 

  

Latterell, J. J., Fausch, K. D., Gowan, C., & Riley, S. C. (1998). Relationship of trout recruitment 

to snowmelt runoff flows and adult trout abundance in six Colorado mountain streams. 

Rivers, 6(4), 240-250. 

Laurent, K. L., Scavia, D., Friedman, K. B., Krantzberg, G. K., & Creed, I. F. (2015). Critical 

forces defining alternative futures for the Great Lakes–St. Lawrence River basin. Journal 

of Great Lakes Research, 41, 131-138. 

Lawson, P. W., Logerwell, E. A., Mantua, N. J., Francis, R. C., & Agostini, V. N. (2004). 

Environmental factors influencing freshwater survival and smolt production in Pacific 

Northwest coho salmon (Oncorhynchus kisutch). Canadian Journal of Fisheries and 

Aquatic Sciences, 61(3), 360-373. 

Lee, N. and F. Walsh (1992) Strategic environmental assessment: an overview. Project Appraisal. 

7(3), 126-136. 

Legates, D. R., & McCabe Jr, G. J. (1999). Evaluating the use of “goodness‐of‐fit” measures in 

hydrologic and hydroclimatic model validation. Water resources research, 35(1), 233-241. 

Lill, A. F., Marshall, D. E., & Hooton, R. S. (1974). Conservation of fish and wildlife of the 

Cowichan-Koksilah flood plain. British Columbia Department of Recreation and 

Conservation, Fish and Wildlife Branch. 

Lusardi, R. A., Hammock, B. G., Jeffres, C. A., Dahlgren, R. A., & Kiernan, J. D. (2020). 

Oversummer growth and survival of juvenile coho salmon (Oncorhynchus kisutch) across 

a natural gradient of stream water temperature and prey availability: an in situ enclosure 

experiment. Canadian Journal of Fisheries and Aquatic Sciences, 77(2), 413-424. 

Lister, D. B., Walker, C. E., & Giles, M. A. (1971). Cowichan River chinook salmon escapements 

and juvenile production 1965-1967. Can. Fish. Serv, 3(8). 



134 

 

  

Locke, A., (1998). Modeling the effects of poststocking survival rates on the success of stocking 

hatchery Atlantic salmon in a New Brunswick river. North American Journal of Fisheries 

Management, 18(3), pp.547-560. 

Loder, J. W., & Van der Baaren, A. (2013). Climate change projections for the Northwest Atlantic 

from six CMIP5 Earth System Models. Fisheries and Oceans Canada, Maritimes Region, 

Science Branch, Bedford Institute of Oceanography. 

Lotspeich, F. B., & Everest, F. H. (1981). A new method for reporting and interpreting textural 

composition of spawning gravel [Sediment sampling, stream habitat management, indexes, 

salmonids, fish habitat]. PNW research note-United States Dept of Agriculture, Forest 

Service, Pacific Northwest Forest and Range Experiment Station (USA). 

Lowell RB, Ribey S, Ellis IK, Porter E, Culp JM, Grapentine LC, et al. (2003). National assessment 

of the pulp and paper environmental effects monitoring data. Ottawa, ON, Canada: 

National EEM Office, National Water Research Institute, Environment Canada. 

Mantua, N., Tohver, I., and Hanlet, A. (2010). Climate change impacts on streamflow extremes 

and summertime stream temperature and their possible consequences for freshwater 

salmon habitat in Washington State. Climatic Change 10(1),187–223. 

Masson, D. (2006). Seasonal water mass analysis for the Straits of Juan de Fuca and Georgia. 

Atmosphere-Ocean, 44(1), 1-15. 

Mather, J. R. (1978). The climatic water balance in environmental analysis. DC Heath and 

Company, Lexington, Massachusetts, 239. 

McCullough, D. A., Spalding, S., Sturdevant, D., & Hicks, M. (2001). Summary of technical 

literature examining the physiological effects of temperature on salmonids. US 

Environmental Protection Agency Report EPA-910-D-01-005, Seattle. 



135 

 

  

McKernan, D. L., Johnson, D. R., & Hodges, J. I. (1950). Some factors influencing the trends of 

salmon populations in Oregon. 

McVicar, T.R., Roderick, M.L., Donohue, R.J., Li, L.T., Van Niel, T.G., Thomas, A., Grieser, J., 

Jhajharia, D., Himri, Y., Mahowald, N.M. and Mescherskaya, A.V. (2012). Global review 

and synthesis of trends in observed terrestrial near-surface wind speeds: Implications for 

evaporation. Journal of Hydrology, 416, 182-205. 

Merryfield, W. J., Pal, B., & Foreman, M. G. G. (2009). Projected future changes in surface marine 

winds off the west coast of Canada. Journal of Geophysical Research: Oceans, 114(C6). 

Milne, R.J. and Bennet L.P. (2016). In Hanna, K.S., author, editor (2016) Environmental Impact 

Assessment Practice and Participation. Oxford University Press, 488 pp. 

Montgomery, D. R., Buffington, J. M., Peterson, N. P., Schuett-Hames, D., & Quinn, T. P. (1996). 

Stream-bed scour, egg burial depths, and the influence of salmonid spawning on bed 

surface mobility and embryo survival. Canadian Journal of Fisheries and Aquatic 

Sciences, 53(5), 1061-1070. 

Morrison, J., Callendar, W., Foreman, M. G. G., Masson, D., & Fine, I. (2014). A model simulation 

of future oceanic conditions along the British Columbia continental shelf. Part I: Forcing 

fields and initial conditions. Atmosphere-Ocean, 52(1), 1-19. 

Moss, R. H., Edmonds, J. A., Hibbard, K. A., Manning, M. R., Rose, S. K., Van Vuuren, D. P., ... 

& Wilbanks, T. J. (2010). The next generation of scenarios for climate change research and 

assessment. Nature, 463(7282), 747-756. 

Michel, C.J. (2019). Decoupling outmigration from marine survival indicates outsized influence 

of streamflow on cohort success for California’s Chinook salmon populations. Canadian 

Journal of Fisheries and Aquatic Sciences, 2019, 76(8), 1398-1410 



136 

 

  

Ministry of Forests, Lands, and Natural Resource Operations (MLNFO). (2014). A quick 

introduction to the Cumulative Effects Framework for BC To the Howe Sound Community 

Forum January 14, 2014 

Mundie, J. H. (1969). Ecological implications of the diet of juvenile coho salmon in streams. In 

Symposium on salmon and trout in streams (pp. 135-152). University of British Columbia. 

Munkittrick, K. R. (2000). Development of methods for effects-driven cumulative effects 

assessment using fish populations: Moose River project. SETAC Foundation for. 

Muñoz, N. J., Farrell, A. P., Heath, J. W., & Neff, B. D. (2015). Adaptive potential of a Pacific 

salmon challenged by climate change. Nature Climate Change, 5(2), 163-166. 

Murray, C. C., Hannah, L., Doniol-Valcroze, T., Wright, B., Stredulinsky, E., Locke, A., & Lacy, 

R. (2019). Cumulative Effects Assessment for Northern and Southern Resident Killer 

Whale Populations in the Northeast Pacific. Canadian Science Advisory Secretariat. 

Murray, C., Hannah, L., & Locke, A. (2020). A Review of Cumulative Effects Research and 

Assessment in Fisheries and Oceans Canada. Department of Fisheries and Oceans. 

Murray, C. B., & McPhail, J. D. (1988). Effect of incubation temperature on the development of 

five species of Pacific salmon (Oncorhynchus) embryos and alevins. Canadian Journal of 

Zoology, 66(1), 266-273. 

Muskat, M., Blackman, D. A., & Muskat, B. (2012) Mixed methods: Combining expert interviews, 

cross-impact analysis and scenario development. The Electronic Journal of Business 

Research Methods, 10(1), 09-21. 

Nagtegaal, D.A. & Riddell, B. (1998). Stock status of Cowichan chinook salmon (Oncorhynchus 

tshawytscha). Prepared for the PSARC salmon subcommittee meeting, April 27 – May 1, 

1998, Nanaimo, B.C. 34 p. 



137 

 

  

Nagtegaal, D.A., E.W. Carter, N.K. Hop Wo, & Jones, K.E. (2004). Juvenile chinook production 

in the Cowichan River, 2002. Can. Manuscr. Rep. Fish. Aquat. Sci. 2679: 35 p. 

Neave, F. (1943). Diurnal fluctuations in the upstream migration of coho and spring salmon. 

Journal of the Fisheries Board of Canada, 6(2), 158-163. 

Nelson, G. C., Bennett, E., Berhe, A. A., Cassman, K., DeFries, R., Dietz, T., ... & Zurek, M. 

(2006). Anthropogenic drivers of ecosystem change: an overview. Ecology and Society, 

11(2). 

Neville, C.M., Beamish, R.J., and Chittenden, C.M. (2015). Poor survival of acoustically-tagged 

juvenile chinook salmon in the Strait of Georgia, British Columbia, Canada. Transactions 

of the American Fisheries Society, 144(1), 25-33. 

Nickelson, T. E. (1998). A habitat-based assessment of coho salmon production potential and 

spawner escapement needs for Oregon coastal streams (No. 98). Portland: Oregon 

Department of Fish and Wildlife. 

Noble, B. F., & Christmas, L. M. (2008). Strategic environmental assessment of greenhouse gas 

mitigation options in the Canadian agricultural sector. Environmental management, 41(1), 

64-78. 

Noble, B. F., & Harriman, J. (2009). Regional Strategic Environmental Assessment in Canada: 

Principles and Guidance: Summary Report. Canadian Council of Ministers of the 

Environment. 

Norton, G. E., & Bradford, A. (2009). Comparison of two stream temperature models and 

evaluation of potential management alternatives for the Speed River, Southern Ontario. 

Journal of Environmental Management, 90(2), 866-878. 



138 

 

  

Oesterwind, D., Rau, A., & Zaiko, A. (2016). Drivers and pressures–untangling the terms 

commonly used in marine science and policy. Journal of Environmental Management, 181, 

8-15. 

Pachauri, R. K., Allen, M. R., Barros, V. R., Broome, J., Cramer, W., Christ, R., ... & van Ypserle, 

J. P. (2014). Climate change 2014: synthesis report. Contribution of Working Groups I, II 

and III to the fifth assessment report of the Intergovernmental Panel on Climate Change 

(p. 151). Ipcc. 

Pacific Climate Impacts Consortium (PCIC), University of Victoria. (2019). Climate Explorer. 

Downloaded from https://services.pacificclimate.org/pcex/app/#/data/compare/ce_files on 

June 10, 2020.  

Pearce, S., Atkinson, J., & Lantzville, B. C. (2020). An Investigation of Cowichan Coho Run 

Timing and Marine Survival. Technical report prepared for the Pacific Salmon 

Commission Southern Fund, Year 2 of 5. 38 pp plus app. 

Pearcy, W. G. (1992). Ocean ecology of North Pacific salmonids. Books in recruitment fishery 

oceanography (USA). 

Pearson, R. G., & Dawson, T. P. (2003). Predicting the impacts of climate change on the 

distribution of species: are bioclimate envelope models useful?. Global ecology and 

biogeography, 12(5), 361-371. 

Pecl, G. T., Ward, T. M., Doubleday, Z. A., Clarke, S., Day, J., Dixon, C., ... & Stoklosa, R. (2014). 

Rapid assessment of fisheries species sensitivity to climate change. Climatic Change, 

127(3), 505-520. 



139 

 

  

Pellett, K. (2017). Cowichan River Juvenile Chinook Habitat Use Assessment to Direct Lower 

River and Estuary Rehabilitation 2016. Pacific Salmon Commission – Southern Fund 

Technical Report – Year 3 of 3 

Peterson, G. D., Cumming, G. S., and S.R. Carpenter, (2003). Scenario planning: a tool for 

conservation in an uncertain world. Conservation biology, 17(2): 358-366. 

Pike, R. G., Young, E. L., Goetz, J. D., & Spittlehouse, D. L. (2017). Cowichan River: A Summary 

of Historical Disturbances, Water Use Pressures and Streamflow Trends. Water Science 

Series. WSS2017-05. Prov. BC, Victoria BC. 

Poole, G. C., & Berman, C. H. (2001a). An ecological perspective on in-stream temperature: 

natural heat dynamics and mechanisms of human-caused thermal degradation. 

Environmental management, 27(6), 787-802. 

Poole, G. C., & Berman, C. H. (2001b). Pathways of human influence on water temperature 

dynamics in stream channels. Environmental Management, 27(6), 787-802. 

Pope, J., A. Bond, A. Morrison-Sounders and F. Retief (2013). Advancing the theory and practice 

of impact assessment: Setting the research agenda. Environmental Impact Assessment 

Review, 41:1-9.  

Cowichan Valley Regional District. (2016). Cowichan Valley Regional District Agricultural 

Overview: Available at: http://viea.ca/wp-content/uploads/2016/08/agricultureoverview-

cowichanvalley.pdf. Accesses: May 5, 2020. 

Raleigh, R. F., Miller, W. J., & Nelson, P. C. (1986). Habitat suitability index models and instream 

flow suitability curves: chinook salmon. National Ecology Center. 

http://viea.ca/wp-content/uploads/2016/08/agricultureoverview-cowichanvalley.pdf
http://viea.ca/wp-content/uploads/2016/08/agricultureoverview-cowichanvalley.pdf


140 

 

  

Reeves, G. H., Everest, F. H., Nickelson, T. E. (1989). Identification of physical habitats limiting 

the production of coho salmon in western Oregon and Washington (Vol. 245). US 

Department of Agriculture, Forest Service, Pacific Northwest Research Station. 

Richter, A., & Kolmes, S. A. (2005). Maximum temperature limits for Chinook, coho, and chum 

salmon, and steelhead trout in the Pacific Northwest. Reviews in Fisheries science, 13(1), 

23-49. 

Sandercock, F. K. (1991). Life History of Coho Salmon. In ‘Pacific Salmon Life Histories’.(Eds 

C. Groot and L. Marcolis.) pp. 395–445. 

Savage, M., Brown, P.M., Feddema, J., (1996). The role of climate in a pine forest regeneration 

pulse in the southwestern United States. Ecoscience 3, 310–318. 

Schwartz P. (1996) The art of the long view: planning for the future in an uncertain world. New 

York, NY: Currency Doubleday. 258 pp. 

Seiler, D., Kishimoto, L., & Neuhauser, S. (1998). Annual report 1997 Skagit river wild 0+ 

Chinook production aluation. 

Seiler, D., Neuhauser, S., and Kishimoto, L. (2003). 2002 Skagit River wild 01 chinook production 

evaluation annual report. Washington Department of Fish and Wildlife, Olympia. 

Selkoe, K. A., Blenckner, T., Caldwell, M. R., Crowder, L. B., Erickson, A. L., Essington, T. E., 

... & Zedler, J. (2015). Principles for managing marine ecosystems prone to tipping points. 

Ecosystem Health and Sustainability, 1(5), 1-18. 

Senner, R., (2011). Appraising the sustainability of project alternatives: An increasing role for 

cumulative effects assessment. Environmental Impact Assessment Review. 31, 502-505 



141 

 

  

Sinclair, A.J., M. Doelle, P.N. Duinker, (2016). Looking up, down, and sideways: Reconceiving 

cumulative effects assessment as a mindset. Environ. Impact Asses Rev, 

http://dx.doi.org/10.1016/j.eiar.2016.04.007 

Snee, R. D. (1977). Validation of regression models: methods and examples. Technometrics, 19(4), 

415-428. 

Soil Conservation Service (SCS), (1972). National Engineering Handbook, Section 4. United 

States Department of Agriculture, Washington, DC. 

Spence, B. C., Lomicky G. A., Hughes R. M., and Novitzki, R. P. (1996). An ecosystem approach 

to salmonid conservation (p. 23). ManTech Environmental Research Services, 

Corporation. 

Sullivan, K., Martin, D. J., Cardwell, R. D., Toll, J. E., & Duke, S. (2000). An analysis of the 

effects of temperature on salmonids of the Pacific Northwest with implications for 

selecting temperature criteria. Sustainable Ecosystems Institute, Portland, OR. 

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview of CMIP5 and the experiment 

design. Bulletin of the American meteorological Society, 93(4), 485-498. 

Thakur, K. K., Vanderstichel, R., Li, S., Laurin, E., Tucker, S., Neville, C., ... & Miller, K. M. 

(2018). A comparison of infectious agents between hatchery-enhanced and wild out-

migrating juvenile chinook salmon (Oncorhynchus tshawytscha) from Cowichan River, 

British Columbia. Facets, 3(1), 695-721. 

Therivel, R. & Ross, B. (2007). Cumulative effects assessment: Does scale matter?. Environmental 

Impact Assessment Review 27(5), 365-385 

Therivel, R., Wilson, E., Thompson, S., Heaney, D., & Priichard, D. (1992). Strategic 

Environmental Assessment; Earthscan Publ. Ltd.: London, UK, 4.  

http://dx.doi.org/10.1016/j.eiar.2016.04.007


142 

 

  

Thomson, R. E. (1981). Oceanography of the British Columbia coast. Can. Spec. Publ. Fish. 

Aquat. Sci., 50, 1-291. 

Thornthwaite, C. W. (1948). An approach toward a rational classification of climate. Geographical 

review, 38(1), 55-94. 

Tompkins, A., Riddell, B. E., & Nagtegaal, D. A. (2005). A biologically-based escapement goal 

for Cowichan River fall Chinook salmon (Oncorhynchus tshawytscha). Fisheries and 

Oceans Canada, Canadian Science Advisory Secretariat. 

U.S. Environmental Protection Agency (USEPA). (2001). Issue Paper 5: Summary of technical 

literature examining the effects of temperature on salmonids. Region 10, Seattle, WA. EPA 

910-D-01-005. 113pp. 

Valdal, E.J., E.W. Lewis, 2015. Cumulative Effect Assessment for the Merritt Operational Trail. 

Available at:http://www2.gov.bc.ca/assets/gov/environment/natural-resource-

stewardship/cumulative-effects/ce_assessment_for_merritt_8_jan_2016.pdf. Accessed 

May, 2019. 

Van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., ... & Rose, 

S. K. (2011). The representative concentration pathways: an overview. Climatic change, 

109(1), 5-31. 

Van Vuuren, D. P., Kriegler, E., O’Neill, B. C., Ebi, K. L., Riahi, K., Carter, T. R., ... & Winkler, 

H. (2014). A new scenario framework for climate change research: scenario matrix 

architecture. Climatic Change, 122(3), 373-386. 

Wainwright, T. C., & Weitkamp, L. A. (2013). Effects of climate change on Oregon Coast coho 

salmon: habitat and life-cycle interactions. Northwest Science, 87(3), 219-242. 

Walfish, S. 2006. A review of statistical outlier methods. Pharmaceutical technology, 30(11), 82 



143 

 

  

Wang, X. L., Swail, V. R., & Zwiers, F. W. (2006). Climatology and changes of extratropical 

cyclone activity: Comparison of ERA-40 with NCEP–NCAR reanalysis for 1958–2001. 

Journal of Climate, 19(13), 3145-3166. 

Weaver, A., Pope, J., Morrison-Saunders, A., & Lochner, P. (2008). Contributing to sustainability 

as an environmental impact assessment practitioner. Impact Assessment and Project 

Appraisal, 26(2), 91-98. 

Weber, M., Krogman, N., & Antoniuk, T. (2012). Cumulative effects assessment: linking social, 

ecological, and governance dimensions. Ecology and Society, 17(2). 

White, R. J. (1994). Hatchery versus wild salmon. Calabi and Stout, pp. 90–115 

Williams, R., Lacy, R. C., Ashe, E., Hall, A., Lehoux, C., Lesage, V., ... & Pourde, S. (2017). 

Predicting responses of St. Lawrence beluga to environmental change and anthropogenic 

threats to orient effective management actions. Canadian Science Advisory Secretariat. 

Willmott, C.J. and Feddema, J.J. (1992). A more rational climatic moisture index. The Professional 

Geographer, 44(1), 84-88. 

Willmott, C. J., Ackleson, S. G., Davis, R. E., Feddema, J. J., Klink, K. M., Legates, D. R., ... & 

Rowe, C. M. (1985). Statistics for the evaluation and comparison of models. Journal of 

Geophysical Research: Oceans, 90(C5), 8995-9005. 

Willmott, C. J., Robeson, S. M., & Matsuura, K. (2012). A refined index of model performance. 

International Journal of climatology, 32(13), 2088-2094. 

Young, I. R., Zieger, S., & Babanin, A. V. (2011). Global trends in wind speed and wave height. 

Science, 332(6028), 451-455. 

Zondag, B., & Borsboom, J. (2009). Driving forces of land-use change. In 49th ERSA conference 

August. 


