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ABSTRACT 
 

ASSESSING CUMULATIVE EFFECTS IN GEORGIAN BAY, ON USING FOOD WEB 

STRUCTURE AS A METRIC 
 

Rachel Salt                  Co-Advisor:  
University of Guelph, 2013                       Dr. Neil Rooney 
                       Dr. Paul K. Sibley 
 

Cumulative effects, often minor individually but collectively significant, are continually being grappled 

with by researchers, policy makers and practitioners.  Despite this the Canadian approach to cumulative 

effects assessment is thought by many to be ineffective.  In this thesis I investigate the literature that 

surrounds cumulative effects and uncovered three distinct themes that occur chronologically: genesis, 

project-based approach and integration.  During the genesis phase cumulative effects nomenclature, 

ideas and frameworks was created.  The main theme of this era was to asses these effects at a large 

scale and to have a strong understanding of a systems ecology prior to the assessment.  This approach 

was found to be too complex and so a more narrow project-based approach was implemented and still 

remains today.  This approach is heavily criticized and as such researchers are now trying to find an 

approach that integrates these two divergent themes into a regional level assessment.  I have found 

there to be several frameworks but an absence of effective regional methodologies.   There is a need for 

regional metrics if this approach is to ever be institutionally supported.  Food web structure can be 

evaluated at multiple scales and has been shown to be responsive to environmental variation; thus, it 

has potential for application as a metric for cumulative effects.  Here, using stable isotope analysis, I 

field test integrative measures of food web structure (food chain length, habitat coupling, trophic 

omnivory) at sites of varying degrees of anthropogenic stressors in Georgian Bay, Ontario to evaluate 

the use of food webs as a metric for cumulative effects assessment.  I found that food web structure 

varied significantly among sites.  Sites with high levels of stress displayed structural characteristics 

reflective of human activities such as shorter food chain lengths, increased trophic omnivory, and 

reduced habitat coupling relative to the non-stressed sites. These results indicate that food web 

structure as an ecosystem level metric may provide insight into anthropogenic activities, and may be 

applied routinely as a metric for doing Cumulative Effects Assessment. 
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CHAPTER 1 - LITERATURE REVIEW AND INTRODUCTION 

1.1 INTRODUCTION 
In 1982, Odum predicted that the pressures and short-term rewards that guide society toward 

simple solutions, would cause the "tyranny of small decisions" to be an integral part of environmental 

policy for a long time to come.  He was correct.  The “tyranny of small decisions” or cumulative effects, 

is one of the most highly discussed areas of Environmental Assessment (EA) and is an issue that 

scientists, planners, practitioners and policy makers are continually grappling with.  The state of the 

environment is constantly being altered as a result of both natural and anthropogenically driven events.  

However, effects on the environment are not always caused through direct means.  More likely they are 

cumulative effects; additive, interactive, synergistic, or irregular in nature, that may be caused by 

individually minor, but collectively significant actions that accumulate over time and space (Canter 

1999).  Additional definitions of “cumulative effects” are included in Appendix I.   

The importance of understanding and addressing cumulative effects is well researched (Klock 1985, 

Burns 1991, McEachern 2008, Gunn and Noble 2009).  However, the institutionally supported approach 

in Canada to Cumulative Effects Assessment (CEA), defined as the specific consideration of effects due 

to surrounding projects (Hegmann et al. 1999),is deemed by many  as ineffective (Duinker and Greig 

2006, King and Pushchak 2008, Noble 2009).   

In a review of the literature, three distinct themes appear chronologically regarding the 

historical development of CEA:  genesis, project-based approaches, and integration.  The genesis phase 

is the inception of cumulative effects ideas; this and other major phases and events are marked on a 

timeline (Figure 1.1).  This phase recommended a regional approach to assessing cumulative effects, 

also known as ‘effects-based’ assessment.  However, very few researchers dealt with establishing 

explicit methodologies or frameworks.  As the complexity of this discipline became more clear, 

researchers, policy makers and practitioners began to seek out means of simplifying the process and 
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designing explicit frameworks.  The result was an approach that was heavily linked to project-based EA, 

which is a process to predict the environmental effects of proposed initiatives prior to being carried out 

(CEAA 2012). This project-based approach is also known as ‘stressor-based’ assessment.   Today, this 

approach is criticized as being ineffective (Dube 2003, Duinker and Greig 2006, Gunn and Noble 2009, 

Noble 2010). Though a regional approach was recognized as being a more optimum scale for CEA, the 

project approach was thought to be better at generating predictions of potential effects.    So begun the 

integration phase which examined how the two approaches could be combined with regional planning 

for a more effective approach to CEA (Figure 1.1).  The following literature review will examine the 

trends, methodologies, and frameworks within each of the phases of CEA and will analyze their positive 

and negative outcomes. This review will also analyze the gaps that still remain in CEA and where further 

research is required.  

1.2 GENESIS 
The framework for EA was initiated in the United States under the National Environmental Policy 

Act (NEPA) of 1969 (Figure 1.1).  The Act required that proposed federal infrastructure projects be 

assessed for potential impacts on the biophysical environment; additionally, it established the Council 

on Environmental Quality (CEQ).  It wasn’t until 1978 that Regulations for Implementing NEPA was 

introduced by the CEQ, marking the first legal requirement that cumulative effects be considered in an 

EA (Figure 1.1).  The Regulation provides the following definition for cumulative impacts, “the impact on 

the environment which results from the incremental impact of the action when added to other past, 

present, and reasonably foreseeable future actions regardless of what agency (Federal or non-Federal) 

or person undertakes such other actions. Cumulative impacts can result from individually minor but 

collectively significant actions taking place over a period of time”.  Before this Regulation, papers papers 

discussed cumulative effects in terms of a single activity and how the action may cause accumulations 

over time, for example how the use of fertilizer over the years will effect soil respiration 
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 Figure 1.1: Timeline of cumulative effects literature and legislation events.  This literature review is divided into three sections: Genesis, Project-based and Integration.  This 
timeline outlines key events that occurred both in the literature, in practice and in legislation.  Size of font dictates the importance of each event. 
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(Vittum et al. 1968, Van Cleve and Moore 1978).  After the Regulation, cumulative effects were 

perceived in a more holistic way.  In its origins, CEA research  called for a regionally driven approach, 

one that was based largely on understanding how ecosystems function (Panek 1979, Salwasser and 

Samson 1985, Weaver et al. 1987, Bedford and Preston 1988b, a, Brinson 1988, Obrien 1988, Siegel 

1988, Sidle and Sharpley 1991).  It was a widely held view that only after the ecology of a system was 

understood could valid predictions be generated regarding how the environment would respond to 

development.  In this section I will introduce the nomenclature, key trends, themes, unique ideas, and 

methodologies used during this time period. 

1.2.1 Nomenclature 

A large array of terms and definitions emerged in this period of time to describe cumulative 

environmental change.  The term ‘impact’ was formally used interchangeably with the term ‘effect’ 

(Panek 1979, Bedford and Preston 1988a, Brinson 1988, Siegel 1988).  However, the term ‘impact’ has a 

negative connotation while ‘effect’ is a term used to mark changes to some linked source, either positive 

or negative; thus the term ‘effect’ is now used as a standard (Bedford and Preston 1988a).  During this 

phase it was also realized that there is no one prescribed way in which cumulative effects behave, that 

there can be many types of non-exclusive cumulative effects (Table 1.1). 

Table 1.1: Types of Cumulative Effects.  Cumulative effects do not occur in one prescribed way, but there are different types 
and trends that can be used to describe the outcomes of these effects and how they may behave (Bedford and Preston 1988). 

Types of Types of 
cumulative effects 

Definition 

Time-crowded 
perturbations 

Disturbances occur sufficiently close in time that the system does not recover 
in the time between events 

Space-crowded 
perturbations 

Disturbances overlap in space or occur so close together that their effects are 
not dissipated in the distance between 

Synergisms The interactions of different types of disturbances produce effects qualitatively 
and quantitatively different from the individual disturbances. 

 Indirect effects Disturbances initiate a chain of events that produce effects delayed in time or 
space from the original disturbance 

Nibbling Disturbances produce effects by small changes, i.e., incremental or 
decremental effects 
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1.2.2 Trends and Themes 

During this foundational phase in CEA research, two distinct trends are apparent in the types of 

articles that were published.  Initially, cumulative effects were considered for their potential as a part of 

natural resource management strategies; (Panek 1979, Klock 1985, Dixon 1990, Hunsaker 1993) such as 

the cumulative effects of brushland fire management (Bonnicksen 1980).   It was not until later that the 

focus switched to its current and predominate role in assessment. Secondly, the greatest amount of 

literature concerning cumulative effects was published by wetland researchers  and are thus seen 

largely as the forerunners of CEA research (Klock 1985, Bedford and Preston 1988a, b, Brinson 1988, 

Harris 1988, Hemond and Benoit 1988, Klopatek 1988, Lee and Gosselink 1988, Obrien 1988, Siegel 

1988, Weller 1988).  A potential reason why CEA frameworks and terminologies are derived from 

wetland research may be due to US federal agencies investment, as wetlands are vulnerable to 

cumulative effects.  For example, one of the first CEA programs was developed by the Environmental 

Protection Agency: ‘Cumulative impact evaluation within wetlands’ (Preston and Bedford 1988).  A key 

component of cumulative effects is that they are caused not by one disturbance but by multiple 

disturbances over time and space.  Odum (1982) referred to this idea as the “tyranny of small 

decisions”, applied after the economist Alfred Kahn (Figure 1.1).  Kahn discussed the idea of big 

decisions being made as accretions of small decisions; and thus the central question is never addressed 

directly at higher decision levels.  Odum states that regional problems are particularly vulnerable to 

these “small decision effects”.  He gives the example of the degeneration of the Florida Everglades that, 

“has suffered, not from a single adverse decision, but from a multitude of small pin pricks”.  This idea is 

continually seen in CEA research; that small modifications on their own may be insignificant but can 

accumulate to eventually yield a large problem (Panek 1979, Salwasser and Samson 1985, Weaver et al. 

1987).  In order for the cumulative influence of these small effects to be understood, an appropriate 

scaled assessment must be done. 
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 In the genesis phase of CEA, researchers argued for a larger, more regional spatial scale when 

evaluating cumulative effects.  Authors stated that it was crucial that CEA go beyond the scale of 

evaluating cumulative effects of a single project(Panek 1979, Heithaus et al. 1982, Salwasser and 

Samson 1985, Bedford and Preston 1988a, Lee and Gosselink 1988).  If assessment boundaries are too 

narrow, several small habitat modifications may go ignored and unregulated (Panek 1979).  Lee and 

Gosselink (1988) thought a larger scale was better at conserving valued ecosystem attributes that were 

not manageable at a finer scale, while simultaneously conserving the valued functions and biota of 

smaller subsystems.  Issues of scale are still a problem in EA practice today.  Assessing only within the 

project bounds may be more cost effective but it is this ‘streamlining’ that allows these small effects to 

accumulate (Noble 2010).  The interconnected nature of the environment means the effects of 

development can stretch beyond its direct impacts (Salwasser and Samson 1985).  Leaks from a power 

plant cooling station that changes the plant community structure of the adjacent wetland, which, in 

turn, leaves the marsh sediments subject to erosion is an example of such indirect effects (Preston and 

Bedford 1988).  Another reason a large scale was recommended during this era is because many species 

we value are mobile.  As such, one paper recommended that the home range of  indicator species be 

the size of the study (Salwasser and Samson 1985).  Weaver et al. (1987) created a cumulative effects 

framework for grizzly bear management.  Using the approach of Salwasser and Samson (1985) the size 

of the assessment was based on the home range of the bears.  Additionally, researchers found that 

vertebrates with expansive home ranges link various components of subsystems spatially and 

ecologically, helping create compound landscape systems (Harris 1988).  Thus, it is imperative that the 

assessment boundaries are large enough to include species that couple these subsystems together.  

Other authors have stated that a watershed is an appropriate scale for an assessment (Panek 1979, 

Klock 1985, Salwasser and Samson 1985).  A watershed is a large enough geographic area that it 

sufficiently encompasses the major factors, both natural and anthropogenic, that cause variation in 
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ecosystem function (Salwasser and Samson 1985).     Bedford and Preston (1988a) used the analogy of a 

renaissance mosaic which pictures a mother and child.  As the mosaic ages, tiles begin to fall out.  A 

conventional assessment would preserve the tiles of highest individual intrinsic value.  A CEA would 

protect the tiles that are most important in preserving the overall image of the mosaic.  Therefore, to 

evaluate the effects at a regional scale you must discern what components of the system are the most 

important to the functioning of the overall landscape (Childers and Gosselink 1990).  Cumulative effects 

do not necessarily pay heed to established political zones or provincial borders and therefore need the 

participation and cooperation of many stakeholders (Panek 1979).  These non-discrete  boundaries 

make determining the scale of assessment difficult (Brinson 1988).  However, researchers of this era felt 

that determining the spatial scale was the crucial first step in CEA and it had a profound influence on all 

aspects of cumulative effects including the assessments credibility (Bedford and Preston 1988a).  

Understanding ecological function to determine the spatial scale of the assessment was well 

documented (Odum 1982, Bedford and Preston 1988b, a, Weller 1988, Sidle and Hornbeck 1991), 

however, a reductionist approach to evaluating effects was often used in practice (Odum 1982, Bedford 

and Preston 1988a, Hunsaker 1993).  This confined approach of assessing cumulative effects within the 

bounds of the project was further limited  by 1) the need for scientists to secure grant money and 

academic tenure by means of creating solutions for short term problems (Odum 1982), and 2) short-

sighted political policies based on four to five year terms, where long term research was less likely to be 

funded because the likeliness of yielding immediate results was reduced (Schindler 2001). 

Though time is an important and essential component of CEA, few publications address 

temporal components within the genesis phase of the literature.  Under NEPA it was required that 

decision makers reference historical patterns at local, regional and national levels.  However, during the 

genesis phase it was thought that this was quantitatively impossible; as historical monitoring 

information was not always accessible (Bedford and Preston 1988b).  Some were more optimistic and 
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felt that historical information concerning proportions and status could be useful in developing 

strategies for management (Walker et al. 1987, Brinson 1988).  Using historical maps of the Prudhoe Bay 

Oil Field, Alaska; Walker et al. (1987) found that indirect impacts can lag behind planned developments 

by many years.  When there is an absence of direct information there are alternative methods of 

gauging historical conditions.  For example, dendrochronology and aberrations in tree growth could help 

interpret the strength of flood events (Brinson 1988).  The contributing authors to the genesis phase not 

only felt that understanding the ecology of a system helps understand historical events but that it 

should be an essential component of CEA.  

Our ability to anticipate how a system will respond to cumulative disturbances is directly tied to 

our understanding of how ecosystems function and how specific attributes differ and relate across 

scales (Salwasser and Samson 1985, Bedford and Preston 1988a, Sidle and Hornbeck 1991).  There is a 

great deal of variance in ecosystems even among those that have similar characteristics (Panek 1979, 

Obrien 1988, Siegel 1988).  The inherent complexity of nature makes conducting assessments difficult 

and if overly complex, than it will be more difficult to suggest practical recommendations for proposed 

developments and management strategies (Weaver et al. 1987).  To minimize complexity and detail, 

some have suggested that systems need to be classified (Panek 1979, Brinson 1988, Obrien 1988), while 

others recommended that indicators of landscape status need to be defined and applied (Bedford and 

Preston 1988b, Weller 1988).  Once there was a better understanding of a systems ecological function, 

meaning the collective interactions between biota and the physical environment, then you could 

determine which functional components are most critical (Sidle and Hornbeck 1991).  An understanding 

of the critical functions in a given system should be accomplished before Valued Ecosystem Components 

(VECs) are established.  As defined by the Cumulative Effects Assessment Practitioners Guide, VECs are 

the environmental element of an ecosystem that has scientific, social, cultural, economic, historical, 

archaeological or aesthetic importance.  If function is not considered while selecting VECs one risks the 

http://www.ceaa.gc.ca/default.asp?lang=En&n=B7CA7139-1&offset=3#ecosystem
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potential of conflicting values.  For example, protection of one value may maximize the production of a 

certain species, whereas another value may be to increase overall diversity (Bedford and Preston 

1988b).  The increased productivity of that species may in fact decrease overall species diversity.   

Bedford and Preston (1988b) suggested that values need to: “protect the composition and structure of 

ecological communities’ characteristic of a region in the absence of disturbance”.  Bedford and Preston 

(1988a), were the first to implicitly mention metrics.  They state that there is a need to identify 

measures of quantifying system function, that a change in function is a measure of cumulative effects in 

the analysis.  The idea of metrics was not further explored in this era of CEA and still remains a critical 

challenge.  Establishing thresholds was also mentioned in this phase.  Thresholds were described in two 

ways: 1) when further addition of a substance or more of the same kind of disturbance eliminates the 

valued ecosystem function, and 2) the number of individuals that can be removed from a population 

without initiating a longer-term population decline (Bedford and Preston 1988a). Thresholds are 

presented as a good management tool but one that calls for a better understanding of ecological 

function in a quantitative sense (Bedford and Preston 1988a, Sidle and Hornbeck 1991).   

During the genesis phase cumulative effects were described as an idea with strong intuitive 

appeal, but one that could not affect decision making because it lacked any explicit operational 

formulation (Bedford and Preston 1988a).  One paper aptly identifies that the constraints of CEA are 

more prevalent than any specific approach or method to incorporate them into management or 

regulation (Bedford and Preston 1988a).  Constraints included inadequate information on habitat 

components (Panek 1979, Weaver et al. 1987); piecemeal legislation for assessing environmental effects 

(Panek 1979, Wu et al. 2000); inconsistencies of terms and definitions (Bedford and Preston 1988b); and 

an absence of quantitative measures of ecological function (Bedford and Preston 1988b, Siegel 1988). 
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1.2.3 Unique Ideas 

Similar ideas are expressed in many papers during the genesis phase in the literature.  However 

there are several unique and interesting ideas that were generated during this period and add value to 

the topic of cumulative effects.  These ideas are discussed below: 

Regional and National Integrated Databases 

One of the present day constraints in the project-based approach to CEA is the ability to access 

information.  For example in the Cheviot Coal Mine case, a proposed mining project in the Rocky 

Mountains of west-central Alberta which required an EA, the proponent voiced concern that 

information essential in understanding how other land uses in the region effected the environment was 

unavailable (Noble 2010).  Hunsaker (1993), recommend that in order for CEA to move forward there 

needed to be regional and national integrated databases of existing stressor and ecosystem knowledge.  

This is a simple idea that would be difficult to execute but it points out that a lack of transparency and 

sharing of information can greatly hinder the success of CEA.  

In retrospect, cumulative effects are easy to understand 

This idea was presented in current literature (Noble 2010), but it was first pointed out by Odum 

(1982).  This idea raises the notion that if we can identify the results of cumulative effects and how they 

occur then we need to evaluate and learn from these mistakes to design better predictive capabilities 

that examine patterns of system responses to disturbance based on their ecological function. 

Managers and Scientists 

Salwasser and Samson (1985), call for greater communication and collaboration between 

managers and scientists.  They state this relationship is strained because, “increasing pressures on 

managers to manage and scientists to publish”.   This issue is still prevalent today, and there is a growing 

push for more effective integration between science and management.   
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1.2.4 Methodologies 

Methodologies for assessing cumulative effects were not discussed in great detail in papers 

during the genesis phase but many papers recommend the use of models in CEA(Bonnicksen 1980, Klock 

1985, Salwasser and Samson 1985, Weaver et al. 1987, Bedford and Preston 1988b, Obrien 1988, Dixon 

1990, Montopoli and Anderson 1991).  Positive attributes of models include:  1) they are able to both 

manage and simplify some of the complexity of natural systems (Klock 1985, Salwasser and Samson 

1985, Weaver et al. 1987); 2) they are more feasible than conducting a major regional field study (Klock 

1985); 3) and they can be useful in determining different development scenarios (Salwasser and Samson 

1985).  Additionally, during this period there was hopeful discussion that CEA models would be greatly 

improved by the emergence of GIS technologies.  GIS provides the basis for  better spatial understanding 

and a quicker and more effective way of displaying trends, and attaching attributes to spatial 

coordinates (Klock 1985, Salwasser and Samson 1985, Walker et al. 1987, Weaver et al. 1987, Montopoli 

and Anderson 1991).  Other research recommended developing a suite of techniques that were guided 

by its case (Risser 1988).  The term ‘case’ refers to the type of cumulative effect, (additive, synergistic, 

indirect) over time and space resulting from several interacting stressors (Table 1.2).  Risser (1988), used 

organic effluent repeatedly added to a wetland as 

an example of Case A.  While Case B could be 

represented by additional effluent sources being 

added in the wetland (Risser 1988).  This paper 

suggests ways of developing methodologies, but 

methodologies are still not recommended.  

1.3 PROJECT-BASED APPROACH 
As the cumulative effects literature evolved, it became clear that understanding and assessing 

these effects at large spatial scales is overwhelmingly complex.  From the 1990’s to early 2000’s many 

researchers, managers, assessment practitioners and government agencies worked on generating 

Table 1.2: Cumulative effects broken into cases. Cumulative 
effects can be broken into cases.  This means organizing 
cumulative effects according to their category (additive, 
synergistic indirect), through time and space.  This table was 
developed by Risser 1988. 

Category Time Space 

Additive A B 
Synergistic C D 
Indirect E F 
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means to simplify the CEA process.  The solution was to conduct CEA as a project-level EA, although it 

should be noted that many researchers throughout the time period continued to work on frameworks 

and methods directed toward regional approaches to CEA (Croonquist and Brooks 1991, Li et al. 1994, 

Boyle et al. 1997, Theobald et al. 1997, Schindler 1998, Suring et al. 1998, Bedford 2000). However, this 

section of the review will focus on research that promotes project-level assessment and practice for 

CEA.  Though it is to this day argued that a project-based approach to cumulative effects is flawed, it is 

valuable to evaluate this practice, as current research approaches seek to integrate both regional and 

project based approaches. The following section focuses on how the project-based approach evolved 

and the ideas, frameworks and methodologies that were introduced during this time.   

1.3.1 Trends and Themes 

Canadian legislation, policy and practice has been slower to adopt approaches to conducting EAs 

and CEAs than the United States (Spaling and Smit 1993, Smit and Spaling 1995).  It wasn’t until 1992 

that the Canadian Environmental Assessment Act was instituted.  This Act requires that, “any cumulative 

environmental effects that are likely to result from the project in combination with other projects or 

activities that have been or will be carried out be considered”.  Though this piece of legislation requires 

that development surrounding the project be considered in the assessment process this aspect is often 

disregarded and there tends to be a site-specific focus that is constrained in both spatial and temporal 

scope (Spaling and Smit 1993).  This site specific approach focuses on predicting the interacting and 

accumulated effects of a single projects activity at a local scale and over a short period of time.  The 

need to consider a spatial scale that goes beyond the bounds of a given project is clearly apparent in the 

holistic approach that was developed during the genesis phase of CEA.  However, during the 1990’s 

ideas began to shift.  A regional scale for EAs began to be seen as unrealistic, unmanageable and 

expensive (Smit and Spaling 1995, Canter 1999, MacDonald 2000, Finley and Revel 2002).  This view was 

largely predicated on the difficulties in establishing spatial and temporal boundaries for EAs and CEAs. 
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Ecological boundaries often fall into many spatial scales and are not nested within political 

boundaries, therefore for ease of governing the more discreet and practical political boundaries were 

selected for assessments (Bedford 2000).  Canter (1999) suggests that existing information about the 

environment surrounding the project should define the spatial and temporal boundary of the 

assessment.  One researcher described the advantages of using existing information as follows, “the 

(economic) cost of improving existing information or obtaining better information is high; the 

(economic) cost of a wrong answer is low” (Abbruzzese and Leibowitz 1997).  Though reliance on 

existing information was more economically feasible, the long term ecological costs of this approach 

were potentially high. Does it make sense to only assess areas that you already have existing 

information about?  For example, imagine a proposal to develop a stretch of land for a new highway 

extension; this highway is 100 meters from a large wetland.  Following the approach recommended by 

Canter, how the highway could potentially affect the wetland would not be considered if there was no 

previous information about the wetland’s environmental quality.  This approach is a far cry from earlier 

research, where it was encouraged that boundaries should reflect ecological function, not political 

borders.  Additionally, problems exist with using pre-existing information.  This information may have 

been generated for a very different purpose and thus may not have appropriate application for another 

project.  Quantitative information was viewed as being of value during this period but too costly, as such 

qualitative information was more appropriate (Abbruzzese and Leibowitz 1997, Canter 1999).  An 

additional substitution for gathering additional information during the project based phase was 

consultation with stakeholders and experts (Abbruzzese and Leibowitz 1997, Culp et al. 2000). 

Often, the choice of scale to use for an assessment is the cause of many problems and defining 

an explicit spatial scale would help better analyze cumulative effects (MacDonald 2000).  MacDonald 

(2000) states that increasing the spatial scale of an assessment, “diminishes the incremental effect of 

the proposed activity and thereby the likelihood of a significant cumulative effect".   Additionally, 
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conducting a CEA at a larger scale was seen to lose detail (Abbruzzese and Leibowitz 1997). This 

essentially contradicts the idea of cumulative effects being interactive.  In 1985, Salwasser and Samson 

brought to light that not all ecosystem components are permanently resident, as many move across the 

landscape over time.  This same issue was investigated by MacDonald (2000).  These two publications 

offer solutions that diverge greatly, demonstrating a paradigm shift in how spatial scale was dealt with 

in CEA.  Salwasser and Samson (1985) state that the boundaries of a CEA need to extend to the size of 

indicator species home range.  Alternatively, MacDonald (2000) used the example that migratory birds 

and air quality extend beyond the boundaries of the project.  Thus, these far reaching effects were not 

considered and the geographic scope of the analysis needs to be confined.  The understanding was that 

an assessment’s focus was on the potential cumulative effects generated by the project (MacDonald 

2000, Finley and Revel 2002).  MacDonald poses the question; is it better to conduct large-scale 

assessments that contain a great deal of uncertainty in prediction or is it better to conduct spatially 

limited but detailed assessments and put funds into mitigation measures?  Under the project-based 

view of CEA the latter is favoured.   

Mitigation is an essential component of the project-based assessment (Canter 1999, MacDonald 

2000, Finley and Revel 2002).  Once the magnitude and significance of the cumulative effects of a 

proposed project was established, practitioners could begin to develop appropriate mitigation and 

enhancement measures for the affected resources (Canter 1999).  Not moving forward with the 

proposed project wasn’t viewed as an option through the project-based lens; according to Canter (1999) 

effects can almost always be mitigated.  This shift from avoiding cumulative effects to “fixing” them is a 

significant transition from the regional approach.  Some researchers still support regional approaches, 

but only when absolutely necessary.  For example, Finley and Revel (2002) state that a watershed may 

be used as a VEC if necessary.  This shift in language can also be seen in regards to ecological function.  

For example, papers suggest that some representation of interaction may be included in the CEA 
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(Canter 1999, MacDonald 2000, Finley and Revel 2002); while in the past cumulative effects researchers 

insisted that understanding how systems function is essential in making predictions.  The severity of 

cumulative effects was downplayed in this era, for example one researcher argued that though 

cumulative effects could be synergistic or additive in nature, synergistic effects are very rare 

(MacDonald 2000).  This opinion was  later discounted by Crain et al. (2008) who conducted a meta-

analysis of studies that examined two or more stressors on marine and coastal systems.  They found that 

the cumulative effects were significantly more synergistic than additive. Trying to incorporate ecological 

function into assessment was not an idea that was totally disbanded during this era.  However, the 

confines of the project based approach are ill equipped to assess how development affects the ecology 

of a system.   In 1999, the Canadian Environmental Assessment Agency (CEAA) sponsored a guideline for 

practitioners on how to assess cumulative effects (Table 1.1)(Hegmann et al. 1999).  This guide follows 

the procedures of project-based EA but it also advocated identifying VECs that need to be preserved.  

However, in practice, when viewed through the project lens a proposed activity was often perceived to 

Table 1.3: How CEA fits into the EIA process. During the project-based phase a common theme was trying to integrate 
Cumulative Effect Assessment (CEA) steps into the already existing Environmental Assessment (EA) framework.  Canter (1999) 
offers the following framework  

EA components CEA steps 

Scoping • Step 1. Identify the significant cumulative effects issues (resource-stress linkages) 
associated with power generation and transmission. 
• Step 2. Establish the geographical scope for the analysis. 
• Step 3. Establish the timeframe for the analysis. 
• Step 4. Identify other (non-power related) actions affecting the resources or 
ecosystems of concern. 

Describing the 
affected 
environment 

• Step 5. Characterize the baseline condition of resources or ecosystems of concern in 
terms of their capacity to withstand stresses. 
• Step 6. Characterize the stresses affecting these resources or ecosystems and their 
relation to regulatory thresholds (where available). 
• Step 7. Identify the important cause-and-effect relationships between human 
activities and resources or ecosystems. 

Determining 
the 
environmental 
consequences 

• Step 8. Determine the magnitude and significance of cumulative effects. 
• Step 9. Develop appropriate mitigation and enhancement measures for affected 
resources and ecosystems. 
• Step 10. Monitor and evaluate the cumulative effects of the power-related actions. 
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cause little stress on the VEC, little additional data would be collected, and, the project would be 

approved.    

 1.3.2 Methods 

Though many feel that merely adapting the EA framework to analyze cumulative environmental 

change is insufficient, others feel that it provides the appropriate conceptual and administrative settings 

to effectively handle cumulative effects (Spaling and Smit 1993).  For example, Canter (1999) objects to 

those who state that there is a lack of concrete methodologies with which to conduct CEA.  Cumulative 

effects can be assessed in, “eleven pragmatic steps organized in accordance with the three components, 

(scoping, describing the environment, and determining the environmental consequences) of the EIA 

process” (Canter 1999; Table 1.3).  

Smit and Spaling (1995), discuss various tools and methods to evaluate cumulative effects, 

identifying two approaches: analytical approaches and planning approaches.  The approaches listed 

under analytical methods are: spatial analysis, network analysis, biogeographic analysis, interactive 

matrices, ecological modeling, and expert opinion.  The planning methods include: multi-criteria 

evaluation, programming models, land suitability evaluation, process guidelines.  The paper does not 

present one approach as superior to the other but presents them as being dichotomous.  The next phase 

in the development of cumulative effects methodologies placed much consideration into integrating 

these two approaches.  
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Figure 1.2: R-SEA – Regional Strategic Environmental Assessment (R-SEA) is the integration of the three silos of CEA (Effects-
based, stressor-based, environmental planning).  Each of these silos contributes its best components to the framework of R-
SEA.  For the stressor-based approach, it is the already established institutions that support this system and methodologies that 
have a predictive capacity.  The positive component of effects based that are a part of R-SEA is the understanding that science 
and ecological function of a system are integral.  From this understanding, effects based practices are able to develop best case 
scenarios.  Finally, environmental planning is an essential component of R-SEA because it offers the necessary bridge between 
management and assessment that will encourage sustainable development. 

1.4 INTEGRATION 
The previous two sections present two very divergent views on how the field of cumulative 

effects should be carried out.  Today, researchers argue that the current project-based approach is 

ineffective and may even be doing more harm than good (Duinker and Greig 2006). The current trend in 

CEA calls for an integration of three approaches: the scientific approach of CEA (effects-based); the 

predictive capabilities and institutional capacities of the project-based approach (stressor-based); and to 

combine these two approaches into land-use planning (plan-based) (Figure 1.2).  In the following 

section, I review some of the criticisms made about the project approach to CEA but will focus primarily 
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on the literature that suggests ways in which to improve the regional approach through the integration 

of these three frameworks. 

1.4.1 The Problem with Project-based CEA 

Researchers identify limited scale; a focus on project approval; and the limitations on the 

proponent’s capacity to assess interacting effects, as the key flaws in the project-based system.   When 

the CEAA was introduced its intent was to examine how stressors associated with projects might affect 

environmental components and how impacts might accumulate and interact with other environmental 

components within the spatial and temporal scale of the project (Spaling and Smit 1993, Power 1996, 

Dube 2003, Noble 2010, Seitz et al. 2011).  However, recent reviews of CEA practice suggest that it is 

falling short of expectations (Duinker and Greig 2006, Noble 2010).  For example, new gas well projects 

proposed in the Great Sand Hills, Saskatchewan were not required to evaluate the additive effects of 

their project in the context of how these effects interact with existing, proposed or foreseeable future 

projects (Noble 2008). Indirect effects and interacting processes of a project are often more significant 

than the direct impacts (Duinker and Greig 2006, Crain et al. 2008, Harriman and Noble 2008, Noble 

2010).  However, the boundaries of project based assessments are often too limited in both spatial and 

temporal scale, causing indirect effects and interacting processes to be overlooked (Shifley et al. 2008, 

Jordan et al. 2009).  Assessing only the effects within the projects bounds allows small impacts outside 

the bounds to be ignored, the cumulative effect of which may lead to the “death by a thousand cuts” 

scenario (Odum 1982, Salwasser and Samson 1985, Spaling and Smit 1993, Noble 2010).   

EAs are continually being streamlined at both the provincial and federal level, as a means to 

reduce costs and to ensure that economic developments are not delayed.   Many types of proposed 

projects no longer require a full EA and many projects no longer require an assessment at all (Noble 

2010).  This streamlining of the project-based process may be less costly for the proponent but it focuses 

on project approval instead of ecological sustainability (Duinker and Greig 2006, Harriman and Noble 
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2008, Harriman Gunn and Noble 2009, Noble 2010).  For example, the notion of thresholds have a long 

standing history in cumulative effects (Bedford and Preston 1988a, Sidle and Hornbeck 1991, Suring et 

al. 1998), yet thresholds are often based on the opinions of stakeholders instead of science based 

knowledge, allowing development to go unchecked until it crosses a line the public deems inappropriate 

(Duinker and Greig 2006)  Alternatively, thresholds are determined by the amount of altered or lost 

acreage. This approach often ignores ecosystem function and the type or magnitude of impact which 

should be assessed at a large scale (Stein and Ambrose 2001, Weber and Adamowicz 2002).  Establishing 

and understanding appropriate thresholds must go beyond the current capacities of project based 

assessments and requires regional studies.    

Finally, even if a proponent wanted to assess the interacting effects of their project in 

conjunction with surrounding development, it goes beyond their obligations and often ability (Dube 

2003, Duinker and Greig 2006, Harriman and Noble 2008, Noble 2008).  Frequently information 

regarding existing, proposed and foreseeable future development is unavailable (Duinker and Greig 

2006, Noble 2010).  For example, the proponents of the Cheviot Coal Mine in Alberta realized that many 

factors affecting the valued ecosystem components of the surrounding region were not the result of 

activities solely resulting from the proposed mine but the information required to evaluate these 

effects, and adequately assess the relative influence of the mines activities, was unavailable (Duinker 

and Greig 2006, Noble 2010).  This considered, it is clear that the project-based approach is relatively 

ineffective in assessing cumulative effects. 

1.4.2 Synthesis 

Though a regional approach is well supported in the literature, researchers have begun to 

realize that several different approaches need to be integrated for CEA to be effective in practice.  Noble 

(2010) states that EA operates in separate ‘silos’ that are communicating with one another very poorly.  

Independently these silos are ineffective at assessing cumulative effects, but together there is a great 
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potential for successful CEA.  The three silos (approaches) are: stressor-based, effects-based, and 

planning-based (Figure 1.2).  I will discuss each idea independently then describe how they can be 

integrated into a form of assessment known as Regional-Strategic Environmental Assessment (R-SEA). 

1.4.3 Stressor-based 

The project-based approach to CEA is largely stressor-based (Spaling and Smit 1993, Dube 2003, 

Noble 2010).  Despite the flaws of this approach it is the predominate practice in Canada as it has 

institutional support and provides environmental consideration for individual development proposals 

through predictive capabilities (Spaling and Smit 1993, Dube 2003).  A stressor-based approach to CEA 

consists of describing the project and its anticipated stressors, identifying environmental receptors or 

VECs potentially impacted  by the stressors, and identifying the pathway between these stressors and 

receptors (Dube and Munkittrick 2001).    When identifying the VECs of the area the stressor-based 

approaches attempts to forecast the effects of development in relation to the existing environmental 

condition (Dube and Munkittrick 2001).  However, evaluating the existing environmental condition, 

which may already be disturbed, is different than an investigation of baseline or reference conditions 

(Smit and Spaling 1995).  Therefore, though the stressor-based approach is good at making predictive 

models of potential effects, these estimates often underestimate environmental effects because the 

understanding of existing and historical conditions is poorly defined (Dube 2003). 

1.4.4 Effects-based 

Effects-based approach utilizes analytical methods and techniques for the scientific assessment 

of cumulative effects (Spaling and Smit 1993), and measure the environmental response to stress 

through system feedback (Scrimgeour and Chambers 2000, Dube 2003).  To do this, reference sites are 

identified and indicators of environmental components are compared to that of the site of interest 

(Dube and Munkittrick 2001).  If changes in environmental quality differ between the two then this can 

be used to identify cumulative environmental effects (Dube 2003).  The steps involved in this are 
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defining the geographical boundary from which to establish baseline conditions (Noble 2008), selecting 

indicators (Dube and Munkittrick 2001), assessing the effects and determining their significance (Seitz et 

al. 2011).  A few studies have been done that identify indicators of stress (Li et al. 1994, Noble 2008, 

Gonzalez-Sanson and Aguilar 2010).  For example, benthic invertebrate diversity was used in an effects 

based study to see how it varied across a gradient of marine pollution and wave intensity (Gonzalez-

Sanson and Aguilar 2010).  Another example is measuring dissolved oxygen content in a river to predict 

the potential consequences of discharging an effluent high in organic material.  This was done in an EA 

for the Alberta Pacific Forest Industries Pulp Mill in Alberta (Dube 2003).  An effects-based approach is 

effective at determining the accumulated state of the existing environment and environmental stress 

without an exhaustive documentation of identifying existing stressors (Dube and Munkittrick 2001).  

Unfortunately, identifying the stressors which caused the effects often happens after the effects have 

been measured, thus reducing its predictive capabilities (Munkittrick et al. 2000). 

1.4.5 Planning-based 

One of major complaints of current CEA practices is that it is divorced from the broader planning 

and decision making process (Gunn and Noble 2009).  As we have seen earlier, access to information is 

an obstacle in effective CEA (Duinker and Greig 2006, Noble 2010).  A regionally based approach to CEA 

necessitates the sharing of information.  By incorporating regional planners and policy makers into the 

process there will be greater access to this information (Noble and Harriman 2008).  Additionally by 

incorporating the planning aspect into CEA it further ensures that sustainability does not end with the 

assessment but is part of a longer term strategy. 

1.4.6 Regional-Strategic Environmental Assessment (R-SEA) 

The integration of these three silos constitutes the R-SEA approach (Figure 1.1, Figure 1.2).  It is 

defined as, “A process designed to systematically assess the potential environmental effects, including 

cumulative effects, of alternative strategic initiatives, policies, plans, or programs for a particular region” 
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(CCME 2009).  Harimann and Noble (2008) state that R-SEA is effective and systematic, will reduce 

duplication of efforts and will enable strategic choices related to sustainable development.  In essence, 

R-SEA is about setting an appropriate range of regional development options based on knowledge of 

ecological, social and economic thresholds (Noble 2010).  R-SEA is criticized for not having a definitive 

framework, but researchers feel it operates best when the framework is flexible and the region 

determines the best procedure (Noble 2008, Noble and Harriman 2008, Gunn and Noble 2009, Noble 

2010, Seitz et al. 2011).  Though it lacks a formal framework, R-SEA does follow a process, the key 

essential steps of which include:  scale determination, establishing baseline condition, and predicting 

cumulative impacts from which best land planning scenarios are developed (Noble 2010).   

1.5 CONCLUSION 
This review of the cumulative effects literature identified three main phases of thought on how 

to conduct a cumulative effects environmental assessment (Figure 1.1).  When cumulative effects first 

appeared in the literature (Genesis), there was a unanimous understanding that to effectively assess 

cumulative effects it would need to be done at a regional level.  However, when assessing cumulative 

effects became a requirement in practice it was realized that it was an immensely complex process.  To 

manage this complexity some felt that incorporating CEA as a part of EA would be the best practice 

(Project-based approach).  It is this approach that is institutionally supported in Canadian practice.  Over 

the past fifteen years, this approach has been under fire in the research as being entirely ineffective 

(Duinker and Greig 2006).  Today research has gone almost full circle and is re-examining means in 

which to conduct CEA regionally.  What is different now is that researchers are trying to integrate the 

positive components of project-based, land planning and effects-based approaches. Integrating the 

“three silos” of CEA to form R-SEA has clear benefits, but it is not without its flaws.  In order for it to 

become common practice the following issues will need to be addressed: formal institutions, acceptance 

of its flexible framework and the development of regional methodologies.   
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Though researchers recommend 

regional level CEA, there is currently no 

existing formal tiered system for policy, 

plan and programs to support this 

framework.  Regional assessments that 

have been successful are initiated outside 

the regulatory environmental assessment 

process (Spies et al. 2007, Noble 2008).  It 

is unrealistic to require proponents to 

incorporate a regional level analysis into 

an EA; regional CEA needs to be the 

responsibility of the government (Duinker 

and Greig 2006). 

The EA community fails to 

recognize the flexible framework of R-SEA 

and it is argued that this is one of the 

reasons that it has been slow to evolve 

(Harriman and Noble 2008). R-SEA 

operates as a “one concept multiple 

forms” framework, and there is no 

standardized approach on how to perform 

an R-SEA (CCME 2009).  This structured 

versus flexible framework approach is debated at large (Kørnøv and Thissen 2000, Fischer 2006, Reteif 

2007),  and needs to be resolved in order for R-SEA to further evolve. 

Figure 1.3: A metric based framework for assessing cumulative 

effects.  1) Identification of Valued Ecosystem Components (VECs) 

should run parallel with the identification of regional stressors and 

trends. VEC(s) should be of scientific relevance and public concern.  

They can range from protection of a species to the functioning and 

quality of an ecosystem.  Stressors within the region of the VEC(s) 

need to be identified.  The scope of stressors and methods for 

quantifying and classifying them need to be determined.  2) 

Identify the watershed(s)/region(s) that contain the VEC(s) and 

characterize the regions ecology.  Select a gradient of sites that 

reflect different stages of anthropogenic stress, this will help better 

evaluate thresholds.  These sites must have the same/similar 

ecology.  3) Select metrics for measuring cumulative effects.  

Metrics need be responsive and reflective of the scale of VEC(s) 

and stressors.  Complete metrics tests. 4) Compare and analyze 

trends to determine threshold levels.  5) Evaluate the effects on 

the VEC(s) if proposed development is carried out; use your range 

of sites as proxy’s for the VEC(s) altered state. 
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Finally, though frameworks have been greatly discussed, there is an absence of effective 

regional methodologies that provide information on cumulative environmental change. The 

development of metrics is a potential solution to this problem (Sims et al. 1996, Jennings et al. 1999, 

Scrimgeour and Chambers 2000).  The following section will explore potential metrics that can/should 

be applied in CEA. 

1.6 METRICS 

1.6.1 A Metric based framework 

Developing metrics is imperative, as R-SEA will not be adopted if there are no established 

methods to perform this type of assessment.  A metric is an analytical measurement used to quantify 

the state of some component of a system.  Though there exist several frameworks for R-SEA, none are 

centered on the CEA methodology.  Here, I present a metric based framework to cumulative effects 

using the R-SEA framework proposed by Noble (2010) as a guide ().    The first step is to identify VECs 

and sources of regional stress.   VECs should be of scientific relevance and/or public concern; they can 

range from protection of a species to the functioning and quality of an ecosystem.  Metrics to measure 

regional stressors should consider multiple spatial scales.  Environmental stressors do not operate at 

uniform scales, for example the effects of agricultural land uses primarily disturb the environment at a 

watershed scale, while the effects of urbanization are more important to the watercourse of which they 

are immediately adjacent (Brazner et al. 2007).  It is therefore essential to not only identify stress but to 

understand the scale at which it operates, or risk amplifying or weakening its true impact.  Then, 

selecting a gradient of sites that reflect different levels of anthropogenic stress will help better evaluate 

thresholds.  These sites must have similar physical, chemical and ecological characteristics.  Metrics 

selected for cumulative effects need to be responsive and reflective of the scale of VEC(s) and stressors.  

Ideally, the metric will collect information for the multiple scales of stress; alternatively several different 

metrics can be used for the varying stress scales.  Ideally, CEA would carry out metric tests and then 



 

25 
 

compare and analyze the variance among sites, and assess trends relative to potential threshold levels.  

With this information, you can then evaluate the effects on the VEC(s) if proposed development is 

carried out using your range of sites as proxies for the VEC(s) altered state.  The goal of this thesis is to 

investigate the potential for a metric based approach to CEA using the above framework. 

1.6.2 Food web structure as a metric for cumulative effects 

An effective metric for cumulative effects would need to be responsive to the effects of 

development that induce regional level change (Seitz et al. 2011).  For example, biodiversity is negatively 

impacted by increasing anthropogenic development (Niemela et al. 2000), therefore it can potentially be 

considered a metric to describe cumulative effects. However, quantifying the biodiversity of an entire 

region would prove to be problematic and biodiversity unto itself may not reflect the long-term 

sustainability of an ecosystem.  There are, however,  ways of characterizing the stability and function of 

ecosystems by analyzing large scale food web structures (Rooney et al. 2006).  Some of the main drivers 

that cause the structures and dynamics of food webs to change include natural variation such as 

ecosystem size (Post et al. 2000b), habitat accessibility (Tunney et al. 2012), temperature (Paine 1966) 

and anthropogenic variation such as species invasions (Vander Zanden et al. 1999), overexploitation 

(Pauly et al. 1998), and habitat fragmentation (Layman et al. 2007).  Analysis of these 

structures/dynamics can help unveil the variance of common food web structures, such as the coupling 

of energy channels by top predators.  Consider the example of freshwater lakes; the flow of energy is 

derived largely from one of two sources, phytoplankton production or littoral production via 

macrophytes and benthic algae (Dolson et al. 2009, Rooney and McCann 2012).  Energy is funnelled up 

to top predators from these basal resources through what is referred to as energy channels. Species that 

derive their energy from phytoplankton tend to be smaller, grow faster and have shorter generation 

times.  Thus, this set of species comprises the ‘fast’ energy channel.  Conversely, species that derive 

most of their energy from the littoral zone tend to be larger, grow more slowly, and have longer 



 

26 
 

generation times and constitute the ‘slow’ energy channel.  The aquatic food webs are structured such 

that top predators derive energy from both energy channels, and this food web configuration is quite 

stabilizing (Rooney et al. 2006).  The structure of these food webs can be gauged using stable isotope 

analysis (SIA).  For decades SIA has allowed ecologists the ability to trace the cycling of nutrients within a 

system; this has been particularly useful in understanding the relative proportions of different food 

sources in consumers diets (Phillips 2001, Fry 2006).  A fundamental component of SIA in dietary 

analysis is, “you are what you eat”; in that the similarity in the consumer’s animal tissue to that of its 

prey sources (once accounting for fractionation during digestion and assimilation) reflects its relative 

importance to the consumer’s diet (Phillips 2001).   

1.7 OBJECTIVES 
In 1991, Burns suggested that cumulative effects can influence trophic position of species, but this idea 

was not expanded upon further.  Researchers have since found that food web dynamics and trophic 

levels are responsive to anthropogenic disturbance.  For example Vander Zanden and Rasmussen (2002) 

found that the introduction of non native smallmouth bass (Micropterus dolomieu)caused a shift in the 

diet of top predator lake trout (Salvelinus namaycush) causing their trophic level to be lower than that 

of lake trout in non-invaded lakes.   However, the response food webs have to cumulative 

anthropogenic stress has not been tested.  The overarching goal of this thesis is to test whether food 

web structure can be used as a metric for cumulative effects.  To investigate this question I analyze the 

food web structure of Georgian Bay, Ontario, specifically, how coupling of energy channels by top 

predators vary under different levels of stress.  Using SIA I assess how these structures respond to a 

suite of indicators of shoreline stress (described further in Chapter 2).  These stressors degrade near 

shore aquatic habitat; therefore I would predict that top predators would feed less on near shore prey 

causing the system to decouple.  This process is further explored in Chapter 2. 
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CHAPTER 2 – ASSESSING CUMULATIVE EFFECTS IN GEORGIAN BAY, ON 

USING FOOD WEB STRUCTURE AS A METRIC 
 

Key words: cumulative effects, food webs, metrics, stable isotopes, Georgian Bay, habitat coupling, 

food-chain length, omnivory, lake trout, energy channels,  

2.1 ABSTRACT 
Assessing cumulative effects, often minor on their own but collectively significant over space and time, 

is an essential component of Environmental Assessment.  However, many argue that current Canadian 

practices are ineffective, and are evaluated at too narrow a scope.  A regional approach that assesses 

effects at multiple spatial and temporal scales has been deemed more appropriate.  However this 

process has been slow to evolve, one reason being an absence of effective regional scale methodologies.  

Food web structure can be evaluated at multiple scales and has been shown to be responsive to 

environmental variation; thus, it has potential for application as a metric for cumulative effects.  Here, 

using stable isotope analysis, I field test integrative measures of food web structure (food chain length, 

habitat coupling, trophic omnivory) at sites of varying degrees of anthropogenic stressors in Georgian 

Bay, Ontario to evaluate the use of food webs as a metric for cumulative effects assessment.  I found 

that food web structure varied significantly among sites.  Sites with high levels of stress displayed 

structural characteristics reflective of human activities such as shorter food chain lengths, increased 

trophic omnivory, and reduced habitat coupling relative to the non-stressed sites. These results indicate 

that food web structure as an ecosystem level metric may provide insight into anthropogenic activities, 

and may be applied routinely as a metric for doing Cumulative Effects Assessment. 
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2.2 INTRODUCTION 
The “tyranny of small decisions” or cumulative effects, is one of the most highly discussed areas 

of Environmental Assessment (EA) and is an issue that scientists, planners, practitioners and policy 

makers are continually grappling with (Odum 1982, Dube and Munkittrick 2001, Noble 2010).  These 

effects, often seemingly minor on their own, become collectively significant over space and time (Canter 

1999), and are more common and complex than that of direct effects when considered independently 

(Rohr et al. 2006).  Government supported practices in Canada undertake a project-based approach to 

Cumulative Effects Assessment (CEA), which predicts the possible cumulative effects derived from the 

proposed project (Noble 2010).  This project-based framework has been heavily criticized, and is 

deemed by many as ineffective (Duinker and Greig 2006, King and Pushchak 2008, Noble 2009). A 

regional approach to CEA is argued to be more robust and effective.  Essentially, regional CEA is about 

setting an appropriate range of regional development options based on knowledge of ecological, social 

and economic thresholds (Noble 2010), but despite partiality in the literature to this form of assessment 

(Culp et al. 2000, Spaling et al. 2000, Dube 2003, CPRC 2006, CCME 2009, Gunn and Noble 2009, 

Harriman Gunn and Noble 2009), it has been slow to evolve in practice (Harriman and Noble 2008).  

There are several reasons for this, but one significant barrier is an absence of methodologies that can 

capture cumulative environmental changes at a regional scale.  Developing metrics that are responsive 

to the cumulative effects of anthropogenic stress is a potential solution.  Current EA metrics focus on 

possible effects of stressors at the individual-level, using such metrics as LC50 or LD50 toxicity values in 

the case of chemicals (Forbes and Calow 2002).  EAs have yet to truly incorporate population-level, let 

alone community or ecosystem level effects (Landis and Wiegers 1997, Barnthouse et al. 2009). For CEA 

to be effective, metrics would need to integrate detrimental effects over regional scales and over longer 

time periods than the smaller scale metrics being used at present. 
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Food web structure is a large scale characteristic that can reflect the stability and function of 

ecosystems (Rooney et al. 2006).  Naturally driven variation [e.g. ecosystem size (Post et al. 2000b), 

habitat accessibility (Tunney et al. 2012), temperature (Paine 1966)] and anthropogenic variation [e.g. 

species invasions (Vander Zanden et al. 1999), overexploitation (Pauly et al. 1998), habitat 

fragmentation (Layman et al. 2007) ] are the main drivers that have been shown to alter  the structure 

and dynamics of food webs.  Analysis of these structures can help unveil the state of a system, and 

potentially how these systems may respond to anthropogenic perturbations.   

In a recent publication Rooney and McCann (2012), discuss that when food webs are structured 

such that top predators derive energy from both strong and weak energy channels the configuration is 

quite stabilizing.  Consider how the role of the top predator in lakes, lake trout (Salvelinus namaycush)  

is influenced by the introduction of an invasive species  (Vander Zanden and Rasmussen 1999).  This top 

predator is physiologically limited by water temperature with upper lethal limits approximated to be 

23.5°C  (Gibson and Fry 1954).  However, lake trout are capable of making short foraging attempts into 

warmer near shore littoral habitats (Sellers et al. 1998).  In the fresh water lakes which lake trout reside 

the flow of energy is derived largely from one of two sources, phytoplankton production or littoral 

production (Dolson et al. 2009, Rooney and McCann 2012).  The species from the phytoplankton 

channel within pelagic habitats tend to be smaller, grow faster and have shorter generation times; they 

comprise the ‘strong’ energy channel.  Conversely, species that derive most of their energy from the 

littoral zone constitute the ‘weak’ energy channel. By coupling both habitats lake trout not only stabilize 

these prey channels but elevate their own mean densities (Post et al. 2000a). Vander Zanden et al. 

(1999) found that the invasion of smallmouth bass (Micropterus dolomieu) and rock bass (Ambloplites 

rupestris) in Canadian lakes altered the food web structure in such a way that lake trout were less able 

to derive energy from the littoral energy channel. 
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If the flow of energy through different energy channels was altered by anthropogenic activities , 

it could destabilize the food web structure (Rooney et al. 2008) having  inordinate negative effects on 

biodiversity (Rooney and McCann 2012) and reduce top predator densities; further reducing the 

system’s ability to cope with stressors such as fishing pressures.  As well as habitat coupling, other 

measures of food web structure such as food chain length (Post et al. 2000b) and trophic omnivory of 

top predators (Post 2002b) are responsive to anthropogenic impacts, reflecting the state of the 

ecosystem. 

 Documenting such food web structures  can be challenging, but stable isotope analysis 

(SIA)(Peterson and Fry 1987, Vander Zanden and Rasmussen 1999) and recent technologies such as DNA 

barcoding (Valentini et al. 2009) are beginning to make this feasible.  Already, SIA has been utilized 

successfully to document anthropogenic stress, but not cumulatively (Panek and Waring 1997, Vander 

Zanden et al. 1999, Lake et al. 2001, Martinelli et al. 2003).  Food web structures, and the techniques 

used for analyzing them, hold potential for the derivation of metrics that could be used for CEA.  A chief 

criticism of current CEA practices is that it is too narrow in scale. Analysis of food webs using SIA resolves 

this issue by integrating effects over broad temporal (Vander Zanden et al. 1999) and spatial scales 

(Rombouts et al. 2013).  Additionally, several government policies and acts prioritize managing long-

term effects on the environment (DFO 2007, ParksCanada 2010, IJC 2012).  Using food web structure as 

a metric for CEA, which incorporate spatial and temporal dynamics, aligns with these policies as they 

have ramifications for long-term stability of ecosystems (de Ruiter et al. 2005).  

 Another challenge facing CEA is quantifying regional stressors.  In a recent study, the cumulative 

ecosystem stress of all five Great Lakes was quantified, generated through spatial analysis of 34 stress 

indicators (Allan et al. 2013).  Though effective, such a comprehensive approach is a very labour 

intensive process and may not be needed for smaller regional scale assessments.  Here, I use a simplified 
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version in which five indicators of degraded aquatic systems, particularly the littoral zone, were 

selected: agricultural stress, road density, population density, impervious surface density, and dock 

density.   

 I hypothesize that if the littoral zone is degraded, then the top predator (lake trout) will shift 

away from littoral feeding.  I predict that stress placed on the littoral zone will increase trophic 

omnivory, as a result of both decreased access to this habitat and because stress effects prey species at 

higher trophic levels more greatly, thus lowering the abundance of forage fish (Post 2002a).  Here, using 

SIA, I field test an integrative metric of food web structure (habitat coupling, food chain length, trophic 

omnivory) across a gradient of anthropogenic stress, and begin to delineate variation in food web 

structure among three sites in Georgian Bay, ON (Figure 2.1).  The goal of this study is to provide an 

initial step toward developing food web based metrics for CEA in Canada. 

 

Figure 2.2 Map of sites.  The three sampling sites, Big Sound, Wiarton, Owen Sound, are part of Georgian Bay, Ontario. 
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2.3 METHODS 

2.3.1 Site Selection 

Three sites in Georgian Bay, 

Ontario (Big Sound, Wiarton, and Owen 

Sound) were selected for analysis (Figure 

2.1); Table 2.1 describes their 

morphological and limnological 

characteristics.  These sites were 

selected a priori to represent a gradient 

of anthropogenic stress based on existing knowledge of the area and system.  

2.3.2 Measuring Anthropogenic Stress  

I selected five indicators of anthropogenic stress: proportion of agriculture, population density, 

road density, proportion of impervious surface density, and dock density (Danz et al. 2007, Webb 2008).  

These stressors were selected as they represent different types of stress on aquatic systems; such as 

nutrient runoff, aquatic habitat alteration, affected hydrology, and water quality.  These stressors also 

operate at different spatial scales, for example the effects of agricultural land uses primarily disturbs the 

environment at a watershed scale, while the effects of urbanization are more important to the 

watercourse of which they are immediately adjacent (Brazner et al. 2007).  Therefore, I measured each 

stressor according to the scale it operates at, to avoid amplifying or weakening its true impact.   

Geographic data used for analysis was collected from the University of Guelph Data Resource 

Centre and Scholar GeoPortal.  All calculations of area and density were done using ArcGIS 10.1. 

Proportion of agriculture was evaluated at the tertiary watershed level, a delineation of watersheds that 

are nested within primary and secondary watersheds (Phair et al. 2005), using both raster and vector 

Table 2.1 Morphometric and limnologic characteristics from three study 
sites in Georgian Bay, Ontario. 

 Site 

 Big Sound Wiarton Owen Sound 

    
Long. (Degrees) -80.12 -81.07 -80.91 
Lat. (Degrees) 45.34   44.80 44.64 

Area(km2) 93 143 137 

Max depth (m) 105 90 90 

Mean depth (m) 34 49 36 

 Volume (km3) 3.15 6.99 4.87 

Thermocline 
depth (m) 

15 15 18 
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data sources (SPECTRANALYSIS 2002, OMAFRA 2010).  Population, road, and impervious surface density 

were all measured within a 1 km distance from the shoreline.  Geographical data for roads and 

impervious surfaces was obtained from vector sources (DMTI.Spatial.Inc. 2010b, OMNR 2011).  

Population density was approximated using municipal population density information (DMTI.Spatial.Inc. 

2010a).  To account for shoreline complexity and islands, dock density was measured as of the number 

of docks within a 300 m distance of the moving out from the shoreline, as opposed to the number of 

docks relative to the length of the shoreline.  Dock density was recorded from ArcGIS 10.1 satellite base 

map.  

Due to variation in the size of each site (Table 2.1), anthropogenic stressors were analyzed 

relative to the size of each sites receiving water body.  To do so, the approximate volume of water at 

each site was calculated.  A depth contour map of each site was overlaid with a 1 by 1 kilometer grid.  20 

random numbers were generated according to the number of grid cells per site.  Within these 20 cells 

the deepest and shallowest contour was recorded.  The average of these values was calculated to 

calculate a proxy value for mean depth.  This value was multiplied by the surface area of the site to 

obtain volume.  Measures of anthropogenic stress were then divided by the volume of water at the site. 

2.3.3 Collection of Organisms 

All sites were sampled between 13 August - 6 November 2012.  For each site I collected ten 

individuals from each functional feeding group.  Functional groups included mobile top predator lake 

trout (Salvelinus namaycush); littoral forage fish included yellow perch (Perca flavescens), rock bass 

(Ambloplites rupestris), pumpkinseed (Lepomis gibbosus), minnow, and shiner species; pelagic forage 

fish included cisco (Coregonus spp.) and rainbow smelt (Osmerus mordax); predatory and non-predatory 

invertebrates.  Littoral grazing snails and mussels were collected to estimate the δ13Carbon baseline 

signature of littoral and pelagic habitats, respectively (Post 2002b). 
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Zooplankton was collected using a plankton tow net with 150 μm mesh size and funneled into a 

dolphin; samples were stored in jars with water.  The zooplankton net was lowered and lifted into the 

water column three times at every site.  Littoral macroinvertebrates, snails, and mussels were collected 

through a combination of dip nets, kick nets, seine nets, and manual search.  Benthic invertebrates were 

collected using an Eckman grab.  A combination of live minnow traps and seine nets were used to collect 

littoral forage fish.  A seine net 2 m high and 5 m long with 3 mm sized mesh was used in accessible 

littoral forage habitat to sample forage fish.  Live minnow traps were baited with bread and placed in 

optimal littoral forage habitat for 24 hours.  Larger fish such as top predators, pelagic forage fish, and 

larger littoral forage fish were collected using multi-panel size-specific gill nets. Nets were 60.8 m long 

and comprised of four 15.2 m long by 2.4 m high panels made of double knotted monofilament mesh 

with 51, 64 mm and 32, 45 mm stretched mesh.  Net sets varied in depth, length and time of day.  Net 

sets were typically set below the thermocline when one was present, at depths ranging from 5 – 30 m.  

Thermocline depth measurements were recorded using a Quanta Hydrolab.  The greatest collection 

success was found when nets were set in the evening or overnight. 

2.3.4 Stable Isotopic Analysis (SIA) 

SIA allows ecologist to trace the cycling of nutrients within a system, and this approach has been 

particularly useful in understanding the relative proportions of different food sources in consumers diets 

(Phillips 2001, Fry 2006).  A fundamental component of SIA in dietary analysis is, “you are what you eat”; 

in that the similarity in the consumer’s animal tissue to that of its prey sources, once accounting for the 

discrimination factor (the enrichment in heavier isotopes through trophic transfer), during digestion and 

assimilation, reflects its relative importance to the consumer’s diet (Phillips 2001).  Of particular use are 

δ13C and δ15N values.  Delta (δ) notation expresses stable isotopes as a ratio relative to a standard in 

parts per million: δ=[(Xsample/Xstandard)-1]*1000; where Xsample and Xstandard are the ratios of 

heavy and light isotopes (13C/12C; δ13C and 15N/14N; δ15N) in the samples and standards, respectively (Fry 



 

35 
 

2006).    Littoral and pelagic habitats differ in their enrichment of 13C.  This is due to the fact that littoral 

primary producers experience larger boundary layer effects compared to their pelagic counterparts.  

Lower water turbulence in the littoral zone, causes the basal resource of the littoral zone, periphyton, to 

be more enriched in the heavier carbon isotopes than that of phytoplankton (France 1995).  This 

differentiation reveals where consumers feed (e.g., littoral versus pelagic).  In contrast, nitrogen 

isotopes reflect the trophic level(s) at which consumers feed, as consumers fractionate nitrogen 

(becomes enriched) at an average rate of 3.4‰ with each successive trophic level (Vander Zanden et al. 

1997). 

Individuals (ten from each functional group) selected from each site were processed for isotope 

analysis following the methods of Dolson et al. (2009).  For fish, 1 to 3 grams of dorsal muscular tissue 

was removed from each individual.  Macroinvertebrates were identified to order.  This information 

allowed us to determine whether the organism was predatory or non-predatory.  Invertebrates and 

zooplankton were sampled as an entire individual, no specific tissue was removed.  Mussel and snail 

tissue was removed from shells for processing.  Additionally, due to low recovery of zooplankton tissue 

samples, mussel specimens were used as a proxy (Vander Zanden et al. 1999).  All samples were dried in 

a drying oven for 24 hours at 65-70°C.  Samples were ground to a fine powder using a mortar and pestle, 

and then approximately 0.3 mg of sample was placed into pre-weighed tin capsules.  Ten capsules for 

each functional group, at each site were sent for carbon and nitrogen SIA using an Isotope Ratio Mass 

Spectrometry (IRMEA) instrument, coupled with an Elemental Analyzer by staff at the Isotope Tracer 

Technologies Inc. in Waterloo, ON. 

Food-chain length is a commonly used metric for food web structure, a measure of the apex 

predator’s trophic position, which in the case of Georgian Bay is lake trout (Post 2002a).  Food chain 

length was calculated as follows: 

FCL  = 2 + (δ15NLT – {δ15NPB × α + δ15NLB × [1- α]}) / 3.4                                                 
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Where α= (δ13CT - δ
13CLB)(δ13CPB - δ13CLB) and LT=lake trout, PB=pelagic base line mussels and LB= littoral 

base line snails as described in Post (2002). 

Over the past decade the processes used to uncover the relative proportion that a food source 

contributes to a consumer has evolved (Phillips 2001, Phillips and Koch 2002, Phillips and Gregg 2003a, 

Phillips and Gregg 2003b, Phillips et al. 2005, Fry 2006, Inger et al. 2006, Moore and Semmens 2008, 

Jackson et al. 2009, Parnell et al. 2010).  Here, we use both a two-source, mass balance mixing model 

and a Bayesian mixing model approach to measure which energy channel and what functional groups 

are accessed as a food source, respectively.   

To approximate the proportion of energy derived from the littoral channel, I adapted Phillips 

and Koch (2002) two-source, mass balance mixing model equation: 

Y = -1 (δ13Cx – δ13CPB) / (δ
13CPB – δ13CLB) 

Where Y= the proportion of energy derived from the littoral channel, X=consumer, PB=pelagic baseline, 

and LB=littoral baseline.  At times the signatures of the consumer exceed the limits of the baseline 

signatures.  For example, at the Wiarton site zooplankton were was less enriched in 13C than the pelagic 

baseline and non-predatory invertebrates were more enriched in 13C than the littoral baseline.  This can 

be expected as mussels and snails integrate 13C over a longer period of time, therefore when functional 

groups exceeded the pelagic and littoral baseline limits they were brought to 0 and 1 (proportion of 

energy derived from littoral habitat), respectively.   

To better incorporate error within stable isotope models a Bayesian mixing model approach is 

supported in the literature (Moore and Semmens 2008, Jackson et al. 2009, Parnell et al. 2010).  This 

approach helps to understand the proportions at which different diet sources are consumed by lake 

trout, and the degree to which lake trout couple pelagic and littoral energy channels. Bayesian isotopic 

mixing models are available as open source R (v. 2.15.3) packages, SIAR (Stable Isotope Analysis in R; 

Parnell, Inger et al. 2010) were utilized.   
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SIAR is fit to Markov Chain Monte Carlo (MCMC) methods, which uses an iterative process of 

producing plausible dietary proportion scenarios (Parnell et al. 2010).  10,000 iterations were run for 

each site, with a discrimination factor of 3.4 and 1 for δ15N and δ13C, respectively (Vander Zanden and 

Rasmussen 1999).  The analysis displays the distribution of potential dietary contributions and identifies 

the most probable solution as a function of density (the mode value).  Included is the 95% high and low 

possible range of each contributing source.  From this analysis I can calculate the amount of trophic 

omnivory in lake trout diet among sites by adding the proportion at which zooplankton, predatory and 

no predatory invertebrates contribute to feeding. 

Both proportion of energy derived from the littoral channel and the proportion at which top 

predators feed on littoral forage fish can help gauge the amount of littoral coupling.  However, 

proportion of littoral forage fish in lake trout diet may be a more accurate metric because it is when top 

predators couple the trophic level below them that is seen to stabilize food webs (Rooney et al. 2006). 

2.3.5 Statistical Analysis 

Using R, version 2.15.3, a one-way between subjects ANOVA was conducted to compare the 

effect of variable anthropogenic stress, as represented by the five indicators, among sites on the 

structure of lake trout’s diet.  ANOVAs were run for each functional feeding group (top predators, 

pelagic forage fish, littoral forage fish, predatory invertebrates, non predatory invertebrates, and 

zooplankton).  When variance was statistically significant (p=0.05) post hoc comparisons were made 

using Tukey’s HSD test.  The assumptions of the analysis of variance of variance are that the model 

effects are additive; and the experimental errors are random, independently and normally distributed 

about a zero mean and with a common variance.  These assumptions were tested using Shapiro-Wilk’s 

test for normality and Levene’s test for homogeneity of variance, and all assumptions were met.  There 

is only one measure for food-chain length and proportion of energy derived from littoral channel, 

therefore there is no statistical analysis undertaken for this procedure. 



 

38 
 

2.4 RESULTS 

2.4.1 Anthropogenic stressors among sites 

Sources of anthropogenic stress varied among sites (Table 2.2).  In all but one instance (road 

density), Owen Sound ranked as the most highly stressed site.  Wiarton and Big Sound interchanged 

ranks depending on the measures of stress.  Except in the case of road density, volume of water at each 

site did not influence how stressors were ranked.  

2.4.2 Variation in food web structure 

Food web structure also varied among sites.  The proportion of each dietary source that was 

consumed varied significantly among sites (Figure 2.2; p>0.0001).  Overall, Lake trout at the Wiarton and 

Owen Sound sites had similar feeding patterns (Figure 2.2 and 2.3).  Lake trout of Big Sound had the 

greatest amount of piscivory, with the highest proportion of pelagic forage fish and littoral forage fish in 

its diet (Figure 2.2a and 2.2b).  Lake trout at the Wiarton site had the highest amount of predatory and 

non predatory invertebrate feeding, followed by Owen Sound and Big Sound (Figure 2.2c and 2.2d).   

Table 2.2 For each category the site with the highest measure of stress
z
 is bolded.  *All stressors except of road density hold 

the same rank (Where Owen Sound is the most stressed site, followed by either Big Sound or Wiarton before and after 
accounting for water volume at each site. 

  Site  

Big Sound Owen Sound Wiarton 

Watershed stressors    

Agricultural area (%) 
Relative to volume (km3) 

3.74 
1.19 

61.00 
12.52 

35.07 
7.20 

Local stressors (1km buffers)    

Population density (people/km2) 
Relative to volume (km3) 

50.73 
16.10 

133.85 
27.47 

14.40 
2.96 

Road density (m-1)* 
Relative to volume (km3) 

0.0022 
0.00070 

0.0028 
0.00057 

0.0016 
0.00033 

Impervious surface area (%) 
Relative to volume (km3) 

0.012 
0.0038 

0.14 
0.029 

0.048 
0.0099 

Local stressors (300m buffer)    

Dock density (docks/km2) 
Relative to volume (km3) 

14.28 
4.53 

26.45 
5.43 

9.95 
2.042 

z 
Stress in terms of the 5 anthropogenic stressors (proportion agriculture, population density, road density, impervious surface density, and 

dock density) selected for this study.  
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Figure 2.2 Variation in dietary sources among sites.  Among sites (BS=Big Sound, WIA=Wiarton, OWS=Owen Sound), the 
proportion at which each dietary source was consumed varied significantly (p<0.0001).  a) Post hoc comparisons using Tukey 
HSD test indicated that the mean proportion of pelagic forage fish in lake trout diets at Big Sound (M=0.57, SD=0.57), Wiarton 
(M=0.31, SD=0.31), and Owen Sound (M=0.34, SD=0.34) all varied significantly. b) Post hoc comparisons using Tukey HSD test 
indicated that the mean proportion of littoral forage fish in lake trout diets at Big Sound (M=0.22, SD=0.13), Wiarton (M=0.17, 
SD=0.10, Owen Sound (M=0.19, SD=0.12) all varied significantly.  c) Post hoc comparisons using Tukey HSD test indicated that 
the mean proportion of predatory invertebrates in lake trout diets at Big Sound (M=0.054, SD=0.049), Wiarton (M=0.18, 
SD=0.11), and Owen Sound (M=0.12, SD=0.095) all varied significantly.  d) Post hoc comparisons using Tukey HSD test indicated 
that the mean proportion of non-predatory invertebrates in lake trout diets at Big Sound (M=0.043, SD=0.037), Wiarton 
(M=0.12, SD=0.090), and Owen Sound (M=0.098, SD=0.083) all varied significantly.  e) Post hoc comparisons using Tukey HSD 
test indicated that the mean proportion of zooplankton in lake trout diets at Big Sound (M=0.12, SD=0.079), Wiarton (M=0.22, 
SD=0.11), and Owen Sound (M=0.25, SD=0.12) all varied significantly.   
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 Zooplankton contributed to lake trout diet the most at Owen Sound, followed by Wiarton and Big 

Sound (Figure 2.2e).   

The proportion at which lake trout derive energy from littoral habitats is greatest in Owen 

Sound (27%), followed by Wiarton (24%), and Big Sound (21%) (Figure 2.4).  This trend is not the same if 

you evaluate proportion of littoral forage fish in lake trout diets, where the greatest proportion 

consumed is at the Big Sound site (Figure 2.2b). 

Trophic omnivory (consumption of 

predatory and non-predatory invertebrates, and 

zooplankton) by lake trout was significantly 

variable among sites (Figure 2.3; p=<0.0001).  

With the least amount of omnivory at the Big 

Sound site (M=0.21, SD=0.080) and the most at 

Wiarton and Owen Sound (M=0.52 and 0.47, 

SD=0.14 and 0.16, respectively) with a difference 

in omnivory between Wiarton and Owen Sound 

of 0.053 (p=<0.0001).  These results are reflected in food chain length (sensu Post 2000a), which was 

greatest in Big Sound (4.90), followed by Wiarton (4.73), and Owen Sound (4.61).  

Figure 2.3 Omnivorous diets of lake trout at sites of variable 

stress.  The proportion of omnivorous feeding among lake 

trout is significantly variable among sites (p=<0.0001). 
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2.5 DISCUSSION 
The objective of this study was to evaluate food web structure as a possible metric for CEA.  

Metrics need to be responsive to regional level stressors; and the results of this study demonstrate that 

food web structure reflects regional cumulative effects.  As hypothesized, I found that at sites of high 

stress, the amount of littoral coupling by lake trout is reduced, trophic omnivory increases, and food 

chain length is lower than at sites that are less stressed.  In the following text I evaluate the variation 

found in this study for both anthropogenic stressors and food web structure. 

Owen Sound was ranked as the most stressed site for all indicators, with the exception of road 

density (Table 2.2).  Big Sound and Wiarton alternated in their stress rankings; while Big Sound had a 

greater number of local stressors, Wiarton was more stressed based on a watershed scale.  However, in 

a more extensive analysis that quantified the levels of 34 Great Lake stressors, Owen Sound and Wiarton 

were evaluated as equally high stressed sites and Big Sound as moderately stressed (Allan et al. 2013).  

This is reflected in food web structure as well, with Owen Sound and Wiarton having similar structures 

and Big Sound varying considerably (Figure 2.2, 2.3, 2.4, and 2.5).  I have compared the stressors used in 

Figure 2.4 Trophic position of each functional group (lake trout (blue), pelagic forage fish (cyan), littoral forage fish 

(green), predatory invertebrates (red), zooplankton (magenta), and non-predatory invertebrates (black)) in relation to 

the proportion of energy derived from the littoral channel.  Figure 4 a), b), and c) display this relationship for sites Big 

Sound, Wiarton, and Owen Sound respectively.  Trophic position was calculated using Post’s (2002b) equation; while 

calculations of proportion of energy from the littoral channel was adopted from Phillips and Koch (2002).  
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this study to the categories, stressors and pooled weights used in the Allan et al. (2013) study (Table 

2.3).  Based on the pooled weights of the Allan et al. (2013) study our assessment does not account for 

66.77% of stressors.  This comparative analysis gives insight into to the stressors used in my study.  For 

example, road density is greatest at the Big Sound site; however Allan et al. (2003) find that it accounts 

for only 2.69 percent of total anthropogenic stress on the Great Lakes.  Agricultural stress is greatest in 

Owen Sound and Wiarton, and accounts for 12.3% of total cumulative stress on the Great Lakes.   
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Figure 2.5 Lake trout foraging between sites. Thickness of the arrows is reflective of the relative amount that each source [pelagic forage fish (represented by a 

cisco), littoral forage fish (represented by a minnow), predatory invertebrates (represented by a stonefly), non-predatory invertebrates (represented by a water 

penny) and zooplankton (represented by a daphnia)] contributes to lake trout diet, a) Big Sound, b) Wiarton, c) Owen Sound.  The position of lake trout is 

reflective of their relative consumption of littoral and pelagic species, as well as trophic position. 
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Table 2.3 Here I have compared the stressors evaluated in this study to the categories, stressors and pooled weight used in the 

Allan et al. 2013 study.   

Salt 2013 
Stressors 

Allan et al. 2013 
Categories 

Allan et al. 2013 Stressors Allan et al.  2013 
Pooled Weight (%) 

Agricultural 
stress 

Nonpoint pollution Nitrogen loading (3.02) 
12.3 

 
Phosphorous loading   (3.42) 
Sediment loading        (3.03)  

Aquatic Habitat Hypoxia (2.83) 

Road density Coastal 
development 

Coastal road density (2.69) 
2.69 

Population 
density & 
Impervious 
surface density 

Coastal 
development 

Coastal development (3.21) 

7.57 
Light Pollution (1.82) 

Nonpoint pollution Combined sewer overflows (2.54) 

Dock density Aquatic Habitat Industrial ports and harbours (2.91) 

66.77 

Marinas/boating (2.43) 
Shoreline extensions (2.48) 

Coastal recreation use (1.84) 
Shipping Lanes (2.08) 

Shoreline hardening (2.89) 
Dams (altered flow, nutrient, and 

sediment regimes) (3.21) 

Climate Change Changing water level (3.68) 

Decreasing ice cover (3.38) 

Warming water temperature (3.89) 

Coastal mines (2.64) 

Coastal 
Development 

Coastal power plants (2.68) 

Fisheries Aquaculture (2.00) 
Commercial fishing (2.81) 
Native fish stocking (2.37) 

Non-native fish stocking (2.98) 
Recreational fishing – charter (2.20) 

Invasive Species Ballast risk (3.81) 

Invasive fish (3.54) 

Invasive mussels (4.02) 

Invasive wetland plants (3.04) 

Sea lamprey (3.65) 

Nonpoint pollution AOCs (3.27) 

Toxic Chemicals Metals – biomagnifying (2.45) 
Metals – non-biomagnifying (2.78) 

Organics – biomagnifying (3.40) 
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Thus, agricultural stress has more influence on the cumulative stress felt by a system, which 

reveals despite the Georgian Bay study’s measures, Big Sound is less stressed than the Wiarton site.  

It is clear that a greater number of stressors need to be analyzed in the future; however the 

stressors I selected vary regionally as opposed to ‘global’ stressors that remain constant.  Though it is 

essential to consider global stressors, such as climate change and invasive species because they can 

significantly change the dynamics of food web structure (Paine 1966, Vander Zanden et al. 1999), 

including these stressors in the analysis of Georgian Bay may be redundant as you can assume these 

stressors are constant.   

In terms of food web structure, lake trout in Owen Sound and Wiarton feed on littoral forage 

fish less than in Big Sound, therefore there is the least amount of habitat coupling between littoral and 

pelagic areas at these sites (Figure 2.2b).  Tunney et al. (2012) show that habitat coupling can be limited 

by accessibility to alternative habitats governed by spatial conditions.  Similarly, if anthropogenic 

stressors degrade these habitats, such as the effects felt from shoreline development, it could alter the 

usable space for prey species, causing the degree to which top predators use these habitats to vary. The 

stressors selected for this study all contribute to the degradation and loss of littoral habitat.  For 

example, at Owen Sound where dock density is greatest these structures alter and damage littoral 

habitat by diverting the transport of sediment along shorelines, creating accumulation on the up drift 

side and minimal sedimenton the down drift reducing the amount of usable habitat space (Allan et al. 

2013).  Agricultural runoff of nutrients puts aquatic systems at risk of cultural eutrophication, and can 

potentially create anoxic conditions – which further limits habitat availability (Tilman et al. 2001).  

Agricultural stress is amplified by the density of impervious surfaces such as roads which increases 

runoff (Corbett et al. 1997).  Finally, population density is correlated to all of these stressors (Danz et al. 

2007). In terms of food chain length, Big Sound was the longest (4.90) followed by Wiarton (4.73) and 
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Owen Sound (4.61) (Figure 2.5).  Post et al. (2002b) 

found that food chain length is positively correlated 

with ecosystem size, however Big Sound lake trout have 

the highest trophic position despite this (Table 2.1).  

Though this variation in food chain length is not 

dramatic, it does suggest there is some other cause 

than ecosystem size for this structural variation.  Stress 

has been shown to cause shorter food-chain lengths, 

where species sensitive to such disturbances are 

eliminated (Post 2002a).  Species near the base of the 

food web are often more resistant to stress, which may 

explain the higher level of trophic omnivory at Wiarton 

and Owen Sound sites (Figure 2.3, 2.5).  

The food web structures for Owen Sound and 

Wiarton are very similar, and show characteristics of 

highly stressed food webs, but these sites may be 

responding more strongly to the effects of stress given 

their niche widths. Classic niche theory predicts that 

competition will be greater as niche overlap increases; 

likewise a contaminant could have a larger indirect 

effect on an organism if the range of organisms 

negatively impacted by the contaminant overlaps 

Figure 2.6: Niche width of lake trout using ellipses 

and convex hulls.  Figures show the ellipses of lake 

trout (blue), pelagic forage fish (cyan), littoral forage 

fish (green), zooplankton (magenta), predatory 

invertebrates (red), and non-predatory invertebrates 

(black) and the convex hull of the community (solid 

black polygon).  Ellipses and hulls calculated using 

SIBER (Jackson et al. 2011). 
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significantly with the dietary range of that organism (Rohr et al. 2006). To measure niche width an open 

source package in R: Stable Isotope Ellipses in R (SIBER) (Jackson et al. 2011) was applied.  I found that 

there is greater niche overlap in the Owen Sound and Wiarton sampling sites than the Big Sound site, 

potentially amplifying the effects of stress (less littoral coupling, more omnivory, shorter food chain 

lengths) (Figure 2.6). 

Though these sites (Owen Sound and Wiarton) are very similar there are slight differences that 

may reflect the indicators of stress used in this study (i.e. Wiarton being less stressed than Owen 

Sound).  If anthropogenic stress shortens food chain length in the littoral zone by eliminating higher 

trophic levels we would first expect to see less piscivory, followed by a decline in feeding on predatory 

invertebrates.  The proportion at which lake trout consume littoral forage fish and non-predatory 

invertebrates is relatively equal in Wiarton and Owen Sound; however, there is a greater amount of 

feeding on predatory invertebrates by lake trout in Wiarton (Figure 2.3, 2.5).  This suggests that at both 

sites stress has limited the abundance and quality of littoral forage fish equally, but stress may be 

greater in Owen Sound as lake trout feed on predatory invertebrates at Wiarton more greatly. 

Here, this novel approach to CEA  elucidates that within Georgian Bay, food web structure  reflects 

anthropogenic stress, with less littoral coupling, shorter food-chain lengths and more omnivory at 

stressed sites.  As food web structure did respond to varying degrees of cumulative stress and this 

metric has strong potential for application to assess cumulative effects.  To further understand food web 

structure as a metric in cumulative effects assessment, a greater number of sites, with a full spectrum of 

stress levels (sensu Allan et al 2013), will need to be tested.  From this it may be possible to more clearly 

reveal patterns of effect and their thresholds, allowing structure to act as a diagnostic tool for the state 

of the system.  Future work may consider using food web structure as a CEA metric within other 

systems. For example, in soil ecology there are slow energy channels such as the recalcitrant fungi basal 
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resource and the faster more labile bacteria channel (Rooney et al. 2006) How might this structure 

relationship respond to system stress? Finally, though this metric provides a strong understanding of 

stress at an ecosystem level, regional CEA will be more successful if there are an integrative set of 

metrics that  assess stress at all scales, including individuals, populations, and communities. 
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CHAPTER 3- GENERAL DISCUSSION AND CONCULSIONS 
 

In this section I will review the findings of my literature review and the conclusions made from 

my research of the food web structure in Georgian Bay.  I will also discuss possibilities for future 

research.   

Cumulative effects are one of the most thoroughly discussed topics in Environmental 

Assessment.  Several frameworks have been suggested for CEA, however this complex area of study is 

without successful metrics and methods to measure these cumulative effects.  The goal of this thesis 

was to develop a metric to measure cumulative effects at a regional scale, but first I reviewed the 

literature written about cumulative effects and have found there to be three distinct phases that occur 

chronologically.  These phases are “genesis”, “project-based approach”, and “integration”.  

 The genesis phase began in the 1960’s and ran through the 1980’s.  During this time the idea of 

cumulative environmental effects became a legal requirement in the United States under the Regulation 

for Implementing NEPA.  The Regulation defines cumulative impacts as, “the impact on the environment 

which results from the incremental impact of the action when added to other past, present, and 

reasonably foreseeable future actions...Cumulative impacts can result from individually minor but 

collectively significant actions taking place over a period of time”.  This Regulation required that in an EA 

cumulative impacts must be considered.  From this, researchers began to investigate what cumulative 

effects were, their different types, and frameworks to assess these effects (Panek 1979, Weaver et al. 

1987, Bedford and Preston 1988b).  Key themes in this phase were that cumulative effects be assessed 

at a large temporal and spatial scale, (a watershed scale was a common spatial 

recommendation)(Salwasser and Samson 1985, Bedford and Preston 1988c), and that our ability to 

anticipate how a region will respond to cumulative effects is influenced by our understanding of an 

ecosystems structure and function (Brinson 1988, Preston and Bedford 1988).  Though many 
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frameworks are discussed there was an absence of regional methodologies, and this still remains a 

problem today.  This phase made it clear that understanding and evaluating cumulative effects is a 

complex process.   

Starting in the 1990’s Canadian researchers, practitioners and policy makers attempted to deal 

with this complexity by adjusting the scope and scale of assessments.  Despite past research 

recommending a regional approach a project-based approach was adopted instead, and is still the 

institutionally supported practice today.  In 1992 that the Canadian Environmental Assessment Act was 

instituted which required that, “any cumulative environmental effects that are likely to result from a 

project in combination with other projects or activities that have been or will be carried out be 

considered”.  Criticisms of this approach include a limited spatial scale, a focus on project approval 

instead of environmental sustainability; and the limitations on the proponent’s capacity to assess 

interacting effects, as the key flaws in the project-based system (MacDonald 2000, Dube and 

Munkittrick 2001, Duinker and Greig 2006, Noble 2010).    

Today researchers are trying to take the best of the two approaches and integrate them into a 

new CEA framework (Harriman and Noble 2008, Noble 2008).  The integration of the large scale, 

scientific approach found in the genesis phase, the predictive capabilities of the project-based approach, 

and the combination of these two approaches into land-use planning, creates the frame work for 

regional-strategic cumulative effects assessment.  R-SEA is about setting an appropriate range of 

regional development options based on knowledge of ecological, social and economic thresholds (Noble 

2010, Seitz et al. 2011).  I think this is the most effective means of assessing cumulative effects however 

there is considerable work that needs to be done in order for this to be common practice.  Currently 

there is no formal institution that supports R-SEA, and there is a lack of regional methodologies to assess 

these effects.   
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In this thesis I sought to develop a regional methodology to assess cumulative effects.  Food 

web structure can help assess the stability of large scaled systems and by using stable isotopes to do so, 

allows for the integration of larger time scales.   I identified five indicators of anthropogenic stress that 

vary at a regional scale: proportion agriculture, proportion of impervious surfaces, population density, 

road density and dock density.  I assessed these stressors using geographical analysis using a high 

resolution of detail.  Three sites (Big Sound, Owen Sound, Wiarton) along the bay were assessed for both 

anthropogenic stressors and food web structure.  I found that the assessment of anthropogenic 

stressors could benefit from a greater number of indicators (sensu Allan et al. 2013).  Once these 

additional stressors were considered the stressed sites mirrored the food web structure, with Owen 

Sound and Wiarton being the most stressed (In terms of Allan et al.  2013 indicators) and showing 

characteristics of a stressed food web: less habitat coupling, more omnivory, and shorter food chain 

length.  From this I have found that food web structure is responsive to cumulative effects and thus 

could act as a metric for assessment.   

In the future I would like to assess more sites.  Selecting several sites that represent a gradient 

of anthropogenic stress allows for the identification of when food web structures begin changing or 

reach a threshold where the system is no longer stable.  From this thresholds on development could be 

established at a regional level.  Another area of study could be how different stressors work in 

conjunction with one another.  For example, how would food web structure vary when there are 

invasive species present and a high density of agriculture, versus no agricultural pressures but invasive 

species are present?  This would pose the question of how ‘types’ of effects respond to one another: 

additively, synergistically, or antagonistically.  Additionally, I would be interested in exploring how other 

aquatic top predators change the food web structure when under anthropogenic pressures.  For 

example, walleye (Sander vitreus) a top predator in warmer lakes is also believed to couple pelagic and 

littoral channels, but as a warm water predator, how would stress effect how they feed in comparison to 
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lake trout?  The same kind of comparison could be made of lake trout and other salmonid species.  For 

example, rainbow trout (Oncorhynchus mykiss) are more generalist species. Will different predators be 

more successful as our landscape continues to change?   Finally, this study has assessed stressors at 

multiple scales but the metric (food web structure) only operates at one scale.  A suite of metrics that 

operate at both fine and broad scales may make for the most thorough assessment.  In the future 

researchers may wish to investigate how individuals, populations, communities and ecosystems respond 

to stressors. 

From this study I found that food web structure has potential as a successful metric for 

cumulative effects as it integrates broad spatial and temporal scale and considers the ecological function 

as opposed to just the number of hectares of lost land.  Once more sites and more stressors are 

accounted for; there is the potential to elucidate thresholds, which would act to help set limits on 

development.  Future work should investigate how top predators in other ecosystems (this study 

investigates fresh water lake habitats) work to stabilize systems, allowing this methodology to be 

adapted to multiple ecosystems.  If there is clear and effective methodology on how to conduct a 

regional level cumulative effects assessment then there is the potential that this framework will be 

supported institutionally in Canada. 
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APPENDIX 

Definitions Author(s) 

“Effects are outcomes, consequences, or results; things that are produced more 
or less directly. They can be beneficial, adverse, or neutral in relation to specific 
goals. Cumulative means that the effects result from accumulation or the addition 
of successive parts or elements” 

(Salwasser and 
Samson 1985) 

"Cumulative effects can result from individually minor yet collectively significant 
uses occurring over space and time" 

(Weaver et al. 
1987) 

“Complex causation, multiple disturbances, interacting processes and 
populations, and both past and present human activities simultaneously affecting 
a number of sites in a geographic area.”   

(Bedford and 
Preston 1988a) 
 

"Cumulative effects may arise as a result of multiple disturbances occurring 
simultaneously within a watershed or from the interaction of other activities” 

(Halverson 1990) 

"Environmental change resulting from the accumulation and interaction of the 
effects of one action with the effects of one or more other actions occurring on a 
common resource."  

(Burns 1991) 

"Specifically, the concept of "cumulative effects" encompasses those 
environmental changes caused by the interaction of natural ecosystem processes 
with the effects of land use activities distributed through time or space, or both."  

(Sidle and 
Hornbeck 1991) 

“Cumulative environmental change may originate from either an individual 
activity that recurs over time and is spatially dispersed or multiple activities 
(independent or related) with sufficient temporal and spatial linkages for 
accumulation to result. “ 

(Spaling and Smit 
1993) 

“Characterized by the temporal and spatial accumulation of change in 
environmental systems in an additive or interactive manner” 

(Spaling and Smit 
1994) 

"The term, cumulative impacts, is defined as the incremental, summed, or 
interactive effect of an impact added to other past, present, and reasonably 
foreseeable future impacts” 

(Swank and Bolstad 
1994) 

“Cumulative impacts refer to the accumulation of human-induced changes in 
valued environmental components across space and over time; such impacts can 
occur in an additive or interactive manner” 
 
“Cumulative effects refer to progressive environmental degradation over time, 
arising from a range of activities throughout an area or region, each activity 
considered in isolation being possibly not a significant contributor” 

(Canter 1999) 

Impacts that result from incremental changes caused by other past, present or 
reasonably foreseeable actions together with the project. 

(Walker 1999) 

"The term "cumulative effects" refers to a critical concept within the lexicon of 
environmental regulation and impact assessment. It attempts to capture what we 
see all around us but fail to regulate or predict: the collective result through time 
of the numerous and varied human-caused impacts on the environment. Even 
though individual human actions may have only minor effects, the concept of 
cumulative effects recognizes that the net effect of past, present, and future 
actions may be significant. 

(Bedford 2000) 

Cumulative effects generally refer to the effects of multiple human inputs to 
natural systems. They develop from the incremental effect of the project or 

(Finley and Revel 
2002) 
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action when added to other past, present, or future actions regardless of who 
under- takes the activity. These effects emerge over time and space to affect 
resources, ecosystems, and human populations. Cumulative effects can have 
either a neutral, positive or negative effect depending on the recipient of those 
effects. These effects also have a duration (short, medium, long) and intensity 
(high, medium, low)." 

"Cumulative effects can be defined as the combined effect on a species or its 
habitat caused by the activity or program at hand, as well as other reasonably 
foreseeable events that are likely to have similar effects on the species of habitat” 

(Gaines et al. 2003) 

"Cumulative environmental effects are effects of an additive, interactive, 
synergistic, or irregular (surprise) nature, caused by individually minor, but 
collectively significant actions that accumulate over time and space” 

(Harriman and 
Noble 2008) 

 

 


