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ABSTRACT

Murray, C., Hannah, L., and Locke, A. 2020. A Review of Cumulative Effects Research
and Assessment in Fisheries and Oceans Canada. Can. Tech. Rep. Fish. Aquat. Sci.
3357: vii + 51 p.

The study and management of cumulative effects is an emerging field and an area of
critical importance to Fisheries and Oceans Canada (DFO). Cumulative effects are
defined as “...changes to the environment that are caused by an action in combination
with other past, present and future human actions” (Hegmann et al. 1999) and, crucially,
can result from individually minor but collectively significant actions taking place over a
period of time or across an area. The need for assessment of cumulative effects is
evident throughout the programs and objectives of DFO, and is required to support
management decisions by multiple DFO sectors. An overarching cumulative effects
strategy for DFO, would provide a consistent approach and guidance for the
assessment of cumulative effects through development of standard methods that build
on existing general theoretical frameworks and applications. This report collates and
reviews previous and ongoing existing cumulative effects research and assessments
conducted by DFO, focusing on marine ecosystems. Based on the range of existing
work and needs within DFO programs, we outline a strategy for assessing cumulative
effects that uses a typology of cumulative effect assessment frameworks consisting of
four types: activity-based, stressor-based, species- or habitat-based, and area-based.

Vi



RESUME

Murray, C., Hannah, L., and Locke, A. 2020. A Review of Cumulative Effects Research
and Assessment in Fisheries and Oceans Canada. Can. Tech. Rep. Fish. Aquat. Sci.
3357: vii + 51 p.

L’étude et la gestion des effets cumulatifs sont un domaine émergent et d’'une
importance capitale pour Péches et Océans Canada (MPO). Les effets cumulatifs sont
définis comme les « ... changements qu’une action, conjuguée a d’autres actions humaines
passées, présentes et futures, entraine sur I'environnement » (Hegmann et coll. 1999).
Surtout, ils peuvent découler d’actions individuellement mineures, mais collectivement
importantes qui se produisent sur une période de temps ou dans une zone. Pour tous
les programmes et objectifs du MPO, ainsi que pour appuyer les décisions de gestion
de plusieurs secteurs du MPO, la nécessité d’évaluer les effets cumulatifs est évidente.
L’adoption d’'une stratégie globale sur les effets cumulatifs pour le MPO fournirait une
approche et une orientation cohérentes pour évaluer ceux-ci, en élaborant des
méthodes normalisées fondées sur des cadres et des applications théoriques généraux
et existants. Le présent rapport rassemble et examine les recherches et les évaluations
antérieures et actuelles sur les effets cumulatifs menées par le MPO, en mettant
I'accent sur les écosystémes marins. En fonction de I'éventail des travaux et des
besoins existants dans le cadre des programmes du MPO, nous présentons une
stratégie d’évaluation des effets cumulatifs qui utilise une typologie de cadres
d’évaluation des effets cumulatifs comprenant quatre types : selon les activités, selon
les facteurs de stress, selon les espéces ou I'habitat et selon les zones.

Vii



INTRODUCTION
CUMULATIVE EFFECTS ASSESSMENT

Cumulative effects are defined by the Canadian Environmental Assessment Agency as:
“...changes to the environment that are caused by an action in combination with other
past, present and future human actions” (Hegmann et al. 1999). Operationally,
cumulative effects represent the impact on the environment which results from the
incremental impact of an action when added to other past, present and reasonably
foreseeable future actions and, critically, can result from individually minor but
collectively significant actions taking place over a period of time (Council on
Environmental Quality, 1978).

Assessing cumulative effects goes beyond characterising a simple cause and effect
relationship. In the simplest form, an impact chain (Figure 1) links a human activity (e.g.,
fishing) to the stressor it produces (e.g., biomass removal) which in turn is linked to the
impact on an ecological component of interest (e.g.,
fish population). A fully comprehensive cumulative
effects assessment would consider the effect of all
activities (and all associated stressors) occurring in the
area of interest as well as possible interactions among
them on the ecological component. Because the
undertaking of a fully comprehensive assessment is
complex, time consuming and data intensive, the
majority of cumulative effects assessments (CEAS)
focus on a specific activity, or a specific stressor, rather
than on the broader context (i.e., impacts of multiple
stressors and multiple activities at the species,
community and ecosystem levels) (Clarke Murray et al.,
2014). As such, the term ‘cumulative effects’ can mean Ecological
different things in different assessments such as the Component
assessment of multiple exposures to a single stressor,
or the cumulative eff_ect of the same stressor at different Figure 1 - A simplified impact chain
life stages of a species. relationship

Produces

Stressor

Impacts

A significant challenge in cumulative effects assessment is the incorporation of stressor
interactions. Not all stressors are equal in impact or have impacts that increase linearly,
and the outcomes of interactions between stressors, or between stressors and
fluctuating conditions, can be difficult to predict. Interactions may be additive,
synergistic, or antagonistic, potentially resulting in different impacts than might be
anticipated based on a simple summation of two or more stressor impacts (Cote et al.,
2016). Natural variability in ecosystem processes may also influence the way that
impacts are manifested (Clarke Murray et al., 2014). An assessment method that can
account for the inherent variability and potential stressor interactions is needed to
assess the magnitude of cumulative effects.



To fully account for the cumulative effects on coastal and marine ecosystems from
multiple human activities, scientists and managers must be able to understand: (1)
which activities cause which stressors; (2) the magnitude, frequency, duration and
spatial scale and extent at which the activities occur; (3) what the resulting direct and
indirect cumulative effects will be on the ecosystem; and (4) how multiple ecological
components at different levels of organization (e.g., individuals, populations, species,
communities, and ecosystems) will respond (Clarke Murray et al., 2014).

THE ROLE OF CUMULATIVE EFFECTS ASSESSMENT IN DFO

The study and management of cumulative effects is an emerging field and area of
critical importance to the Fisheries and Oceans Canada (DFO) as part of its
responsibility for management of a healthy environment and sustainable aquatic
ecosystems. Increasingly, there is a demand within DFO for management advice based
on scientific evaluation of cumulative effects; indeed, this requirement has been
expressed at the highest levels within DFO and the Government of Canada.

Legislative context

Under Canada’s amended Fisheries Act (enacted June 21 2019 with royal assent to Bill
C-68), cumulative effects requirements of the new Fish and Fish Habitat Protection
Provisions came into force on August 28 2019. Under the amended Act, “the
Minister...shall consider...the cumulative effects of the carrying on of the work,
undertaking or activity referred to in a recommendation or an exercise of power, in
combination with other works, undertakings or activities that have been or are being
carried on, on fish and fish habitat” [Section 34.1(1)?]. This amendment specifically
speaks to the requirement to assess cumulative effects for the purposes of fish and fish
habitat protection. Bill C-69, repealing the Canadian Environmental Assessment Act
(2012) and enacting the Impact Assessment Act, also received royal assent and the
new Act came into force on June 21 20193. Among other things, it names the Impact
Assessment Agency of Canada as the authority responsible for impact assessments.
Federal authorities “in possession of specialist or expert information or knowledge” (this
could, for example, include DFO) have an obligation to provide this information or
knowledge to the Impact Assessment Agency at its request. The Act prohibits
proponents of projects from causing impacts to environmental components and in
geographic areas that are also of concern to DFO. Specifically, prohibitions include “(a)
a change to the following components of the environment ...(i) fish and fish habitat, as
defined in subsection 2(1) of the Fisheries Act, (ii) aquatic species, as defined in
subsection 2(1) of the Species at Risk Act.... The areas where such changes are
prohibited includes “(b) (i) the internal waters of Canada, in any area of the sea not
within a province, (ii) the territorial sea of Canada, in any area of the sea not within a

1 https://lwww.dfo-mpo.gc.ca/pnw-ppe/guidance-eng.html#_Annex_1:_ Transitional
2 https://www.parl.ca/DocumentViewer/en/42-1/bill/C-68/royal-assent

3 https://www.parl.ca/DocumentViewer/en/42-1/bill/C-69/royal-assent#IDOEHEDI
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province, (iii) the exclusive economic zone of Canada, and (iv) the continental shelf of
Canada...” Specific to consideration of cumulative effects, the Act “provides for the
assessment of cumulative effects of existing or future activities in a specific region
through regional assessments and of federal policies, plans and programs, and of
issues, that are relevant to the impact assessment of designated projects through
strategic assessments”. The scope of such impact assessments is potentially quite
broad. The impact assessment of a designated project “must take into account the
following factors: (a) the changes to the environment or to health, social or economic
conditions and the positive and negative consequences of these changes that are likely
to be caused by the carrying out of the designated project, including (i) the effects of
malfunctions or accidents that may occur in connection with the designated project, (ii)
any cumulative effects that are likely to result from the designated project in
combination with other physical activities that have been or will be carried out, and (iii)
the result of any interaction between those effects”.

The Canadian Energy Regulator Act was also enacted on June 21 2019 with royal
assent to Bill C-69%. This act established an independent energy regulatory body
responsible for ensuring safe and secure construction, operation and abandonment of
pipeline, power line and offshore renewable energy projects within Parliament’s
jurisdiction. The offshore area means “(a) any part of the internal waters of Canada or of
the territorial sea of Canada that is not situated in li) a province other than the
Northwest Territories, or (i) the onshore, as defined in section 2 of the Northwest
Territories Act; and (b) the continental shelf of Canada and the waters superjacent to
the seabed of that shelf”. The term “offshore renewable energy project” is defined as
“any of the following carried on in the offshore area: (a) any research or assessment
conducted in relation to the exploitation or potential exploitation of a renewable resource
to product energy; (b) any exploitation of a renewable resource to produce energy; (c)
any storage of energy produced from a renewable resource; or (d) any transmission of
such energy, other than the transmission of electricity to a province or a place outside
Canada”. Specifically in relation to the requirement for cumulative effects assessment in
the offshore environment, “The Commission must make its recommendation taking into
account — in light of, among other things, any Indigenous knowledge that has been
provided to the Commission and scientific information and data — all considerations that
appear to it to be relevant and directly related to the offshore renewable energy project
or offshore power line, including (a) ...any cumulative environmental effects”.

The Oceans Act does not explicitly mention cumulative effects but cumulative effects
methodologies are clearly required to support Integrated Oceans Management which is
mandated by the Oceans Act. During a review of DFQO’s Integrated Oceans
Management program, most DFO managers, stakeholders, and external experts
identified a continued need in Canadian oceans management to understand oceans
from an ecosystem perspective, taking into account the cumulative impact of human
and environmental interactions (DFO 2012a).

4 https://www.parl.ca/DocumentViewer/en/42-1/bill/C-69/royal-assent#IDOE2FEM
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The Species at Risk Act (2002), under which the Minister of Fisheries and Oceans is the
competent minister for aquatic species also requires the consideration of cumulative
effects. Assessments of risk to marine and diadromous species conducted for the
Committee on the Status of Endangered Wildlife in Canada (COSEWIC) often
recognize and refer to the potential or existence of cumulative effects although in most
cases the assessments have not attempted to quantify them (e.g., COSEWIC (2010,
2012, 2015; DFO 2018a). In some cases, the recovery or action plan for a SARA
species under DFO’s management requires consideration of cumulative effects in
recovery management and/or mandates that cumulative effects of threats be assessed
as part of the recovery effort (e.g., DFO 2017a).

Cumulative effects research and assessments in DFO

A range of past, current and emerging anthropogenic activities and stressors are putting
aquatic ecosystems under increasing pressure, leading to changes in ecosystems and
shifts in the function and structure of aquatic environments, factors which contribute to
losses in aquatic productivity and biodiversity (Sala et al. 2000; Worm et al. 2006). To
develop and carry out oceans management policies and practices that support
sustainable aquatic ecosystems, DFO needs to understand the nature, extent, impacts
and interactions of stressors, and in particular their combined or cumulative effects,
which can be achieved through cumulative effects research and assessment.

The definition for cumulative effects provided by the Canadian Environmental
Assessment Agency (Hegmann, 1999) is intended specifically for single-project
assessments and as such does not address the full scope of potential cumulative
effects assessment types. Within DFO, the way that cumulative effects are understood
can vary depending on the focus of the assessment, and the data and methods used to
conduct the assessments. For example, in DFO stock assessment, cumulative effects
can refer to the accumulation of factors or events, such as mortality, that occur in
different life stages and that ultimately determine the size of a recruiting population
(Jamieson et al. 2000). In DFO’s new fish and fish habitat protection program policy
(effective Aug 29, 2019), cumulative effects are defined as “any cumulative harmful
impacts on fish and fish habitat that are likely to result from the work, undertaking or
activity in combination with other works, undertakings, or activities that have been or are
being carried out” (DFO FFHPP 2019). In the Federal Science Library, the first mention
of DFO involvement in cumulative effects work was in Rosenberg et al (1981) “Recent
Trends in Environmental Impact Assessment”. Since then, results on “cumulative
effects” or “cumulative impacts” in the title of publications in the Federal Science Library
have become more frequent over time (Karanka and Karanka 1993; Jamieson and
Chew 2000; DFO 2009a; Burt et al., 2010; Chaput and Cairns 2011; Canter et al., 2012;
Lawson and Lesage 2012; etc.).

The consideration of cumulative effects in DFO programs was identified as lacking in a
2000 review (Jamieson and Chew, 2000), which concluded that a comprehensive
cumulative effects research effort by DFO would only be achieved by a long term stand-
alone initiative. Another DFO study identified a need in DFO for “new tools to assess
cumulative effects of multiple stressors”; and for “improvement of comprehensive

4



ecosystem-level monitoring, assessment, and predictive capabilities” as part of a
national review of seven pilot Ecosystem Research Initiatives (ERIs) across Canada,
established in 2007 by DFO Science to enhance the capacity to provide scientific advice
in support of ecosystem-based management (DFO 2013a).

Increasing both the understanding of cumulative effects and the use of Cumulative
Effects Assessment (CEA) within DFO will help respond to recommendations to
consider cumulative effects by the Council of Canadian Academies (CCA, 2013), and in
environmental impact assessments and species-at-risk recovery plans. This will also
support Integrated Oceans Management under the Oceans Act and provide advice for
the Fisheries Protection Program (FPP), which is increasingly seeking expert scientific
review of environmental assessments related to project proposals in aguatic
environments, including science advice on questions related to impacts of multiple
stressors on fisheries productivity.

Areas across DFO that can benefit from cumulative effects research and
assessment

The following list, which is not exhaustive, identifies areas where cumulative effects
research and assessment have broad application to resource management decisions
and policy development across DFO.

Fisheries and Aquaculture Management (FAM)

e Development of a strategy to assess cumulative effects of stressors on fish stocks
and to consider these assessments in management (e.g., Cohen Commission
recommendations #71 and #72)

e Characterizing the cumulative effects of aquaculture on the environment (e.g., DFO
2016a)

Fish and Fish Habitat Protection Program (FFHPP)

e Under DFO'’s fish and fish habitat protection program policy (effective Aug 29, 2019)
the contribution of cumulative effects shall be considered in making regulations or
exercising powers under the new FFHPP policy (DFO FFHPP 2019).

e Ensure compliance for development projects taking place in and around fish habitat
under the fish and fish habitat protection provisions of the Fisheries Act and relevant
provisions of the Species at Risk Act

e As part of compliance, evaluate and respond to assessments of cumulative effects
on fish and fish habitat from development projects (DFO 2016b).

Integrated Oceans Management (IOM)

e Recognition and management of the long-term cumulative impacts of human actions
on the marine environment in ocean management (DFO 2002).

e Cumulative effects is an important consideration in the ecosystem approach to
fisheries, as identified in DFO’s 2018-2019 departmental plan (DFO 2017b)

Marine Conservation Targets (MCT)



e The assessment of cumulative effects is part of the ecosystem approach to manage
and monitor areas designated for marine conservation, such as integrated
management areas and marine protected areas (MPAS).

Oceans Protection Plan (OPP)
e In collaboration with Transport Canada, there is a need to assess the cumulative
effects of marine shipping across Canada (Transport Canada, 2016)

Species at Risk Act (SARA)

e Cumulative effects assessments are needed to inform and address specific legally
mandated recovery measures outlined in SARA Action Plans relating to threats and
impacts to species recovery (e.g., the action plan for resident killer whales in the
Pacific (DFO 2017a))

DFO investments in cumulative effects

As part of DFO’s Science Renewal 2016, the national Ecosystem Stressors Program
(ESP) was created, a DFO program that was intended to address the lack of cumulative
effects assessment (CEA) methods available within DFO (Jamieson and Chew 2000).
The Program is to guide marine resource managers in the evaluation of potential future
impacts or past actions. One of the goals of this national, permanent program is to
develop and test a suite of methods that DFO can use to assess cumulative effects.

Before ESP but since 2000, a number of projects and programs within DFO have
developed and carried out CEA research but they were generally project-specific and
tailored to specific deliverables or clients. This document reviews and summarises
existing research and assessments in DFO to ultimately build on our current
understanding of best practices in CEA. We categorize past and ongoing research into
four assessment types to structure future work in a coordinated CEA strategy, to identify
gaps, and to enhance our understanding of future needs.

COMPONENTS OF A CUMULATIVE EFFECTS ASSESSMENT FRAMEWORK

A cumulative effects assessment (CEA) ‘framework’ outlines the components to be
used in a specific type of assessment and the order in which they will be applied. A
framework is a high-level order of operations, usually in the form of a flow diagram,
showing the order of method components with supporting guidance (e.g. Figure 2). The
components used in an assessment can vary, but generally use some or all of the
following components: assessment structure, scoping methods, stressor models and
assessment tools; all are described in more detail below. The assessment components
may be explicitly or implicitly included in the framework.
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Figure 2 - The generic structure of a cumulative effects assessment
framework

The assessment structure is commonly described at the beginning of a cumulative
effects assessment. It can also be provided as a diagram to provide a high-level
overview of the structure and focus of the assessment for guidance (Figure 2). Scoping
brings together, or guides, the selection of relevant assessment components (activities,
stressors, ecosystem components, spatial and temporal scales) based on the goal of
the assessment. The selection of Ecosystem Components identifies the endpoints of
the assessment that will be evaluated (e.g. sea otter population size, areal extent of
eelgrass beds) and can be done using a screening process based on applying a range
of environmental, social, and/or economic criteria.

The next step in scoping is to examine the linkages, or Impact chains, from activities to
stressors to effects. Pathways of Effects (POE) models are an example of an
established scoping method that can be used to examine the linkages from activities to
stressors and effects (see Box 1).



Stressor models are developed to quantify the way that stressors interact with
ecosystem components or with each other. They can be informed using available data
and expert input. Stressor interactions describe the documented or hypothesized
interaction between stressors. Most assessments use the simplest default interaction
between stressors - additive, but synergistic, antagonistic and non-linear interactions
have been documented (Darling and Cote 2008; Crain et al 2008). The Assessment
itself is a model of the ecosystem components that accumulates the stressors and their
impacts. Assessment models can range from qualitative models that rank the relative
impact to fully quantitative models that predict the net impact (e.g. number of mortalities,
net gain or loss, etc.) on a species, population, habitat or ecosystem of interest. Tools
are interfaces between the user and the models that facilitate the analysis and make the
assessment user-friendly. An example of a tool for cumulative effects assessment
(CEA) is Vortex, population viability analysis software developed by the Species
Conservation Toolkit Initiative (SCTI).

The most appropriate type of CEA framework to apply for a specific purpose depends
on the focus of the assessment and how assessment results are to be used. CEAs can
use a top-down approach (starting from the human activity or stressor and identifying all
the potential impacts on ecosystem components), a bottom-up approach (starting from
the ecosystem component(s) and identifying all potential impacts and stressors) or a
combination of the two. The next part of this document will describe the role of
cumulative effects assessments in DFO in order to determine the potential uses for
cumulative effects assessments in the department.

PROPOSED STRATEGY FOR CUMULATIVE EFFECTS
ASSESSMENT IN DFO

Based on the range of existing work and needs within DFO programs for CEA as
outlined above, we propose a strategy for assessing cumulative effects that uses a
typology of cumulative effect assessment frameworks consisting of four types:

(1) Activity-based;

(2) Stressor-based;

(3) Species- or habitat-based; and
(4) Area-based.

This typology is consistent with the structure described in Clarke Murray et al. (2014)
and similar to that used to describe pathways of effects models (Government of
Canada, 2012). Each assessment type (summarised in Table 1) has a distinct primary
focus based on the type of cumulative effects it would be used to assess. Activity-based
and species- or habitat-based cumulative effects assessments exemplify top-down and
bottom-up approaches, respectively. Stressor-based cumulative effects may be
exclusively a top-down approach or may include elements of bottom-up methodology.
Area-based cumulative effects may incorporate elements of any of the other three
categories, but usually are wider in coverage of species and activities than any of the
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other categories would be individually. The following sections review the body of
knowledge for each assessment type.

Table 1 — Overview of the proposed Cumulative Effects Assessment (CEA) strategy for Fisheries and
Oceans Canada, comprising four types of method frameworks.

FOCUS OF SPECIFIC METHOD FRAMEWORK

ACTIVITY STRESSOR SPECIES or
HABITAT

o

ASSESSES CUMULATIVE IMPACTS

FROM:
All stressors resulting One specific stressor Stressors from all Stressors from activities
from a focal activity from all potential source activities affecting a occurring in a specific area
activities species or a habitat
TO:
One or more ecological One or more ecological A single focal species One or more ecological
components components or habitat components in area
Structure

Activity Activity Activity

Activity Activity Activity

| Stressor | Stressor |

\ 4 \ 4
Ecological Ecological Ecological Ecological
Component Component Component Component

Stressor |

Stressor Stressor Stressor Stressor Stressor Stressor Stressor

\ 4
Ecological
Component

Ecological Species / Ecological Ecological Ecological
Component Habitat Component Component Component

ACTIVITY-BASED CUMULATIVE EFFECTS ASSESSMENT

Overview of structure of assessment

The first type of method framework focuses on the assessment of activity-based
cumulative effects. The structure of this assessment type is outlined in Figure 3. This
assessment type aims to assess the cumulative effects of multiple stressors resulting
from a single specific activity of interest (such as shipping or fishing). In DFO, activity-
based cumulative effects assessments would be appropriate for use in fish and fish
habitat protection, fisheries and aquaculture management, environmental assessment,
and strategic cumulative environmental assessment.



Stressor Stressor Stressor
V |
Ecological Ecological Ecological
Component Component Component

Figure 3 - Structure of an activity-based cumulative effects assessment, where a
single activity produces multiple stressors and impacts on ecological components
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Box 1: Pathways of Effects Models

Pathways of Effects (PoOE) models are widely used
conceptual modelling tools that can guide
assessments by providing a science-based foundation
for decision-making (Government of Canada, 2012).
They can be used in all four types of cumulative effects
assessments (i.e., activity, stressor, species and area)
to help identify the stressors and clarify links between
human activities and potential impacts on aquatic
ecosystem components. These conceptual models of
activities, stressors and effects are comprised of two
components: a diagram showing the connections, and
an accompanying evidence table providing supporting
rationale to justify each connection. The Government
of Canada has provided national guidelines for the
format of these models (Figure 4, Government of
Canada, 2012) and through consultation created a

Table 2 - List of nati | Path f suite of PoE
able 2 - List of national Pathways o .

Effects Models for common in-water dlagrams asa
activities associated with a broad range of ~ Way to

development proposals (DFO 2014a)

In-Water Activities

Addition or removal of aquatic
vegetation

Change in timing, duration and
frequency of flow

Dredging

Fish passage issues

Marine seismic surveys

Organic debris management

Placement of material or
structures in water

Structure removal

Use of explosives

Use of industrial equipment

Wastewater management

Water extraction

in combination with other models.

communicate
potential effects
of development
proposals to fish
populations and
fisheries.

PoEs can range
from small scale,

cosystem Componefits
or Attribute. 15

Environmental

effect
Endpoint {

cosystem Componi ‘d
or Attribute 2

b

Endpoint

Figure 4 — Guidelines for the format of basic
components of a Pathways of Effects (PoE) model (a};
and an example PoE diagram without linkages (b)

simple impact links, suitable for a specific habitat,
to more complex, large scale networks, suitable for
a bioregion (Government of Canada, 2012).
Different types of POE models address different
goals and objectives:

1. Activity- and sector-based models show all
stressors resulting from the activity/action (e.g.
marine seismic surveys, see Table 2). Sector-
based models are broader and look at impacts from a specific sector (e.g., marine
shipping). These types of models can be used alone or can contribute to holistic models

2. ‘Endpoint’ models — show potential impacts on specific endpoints (such as ecosystem
components), most relevant here are species-based and stressor-based types.
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Box 2 Contd

A species-based model describes the pathways from human activities, their sub-
activities, the stressors, and impacts to a specific species or ecosystem component. A
stressor-based model examines linkages from a stressor to measureable endpoints
(e.g., fish health).

3. Area based, or ‘holistic’ models — incorporate all human activities occurring in a
spatial unit that can contribute to cumulative effects.

Pathways of effects models to inform this type of assessment

Activity (or ‘Pressure’-based) PoE models (see Box 1) can be used to inform activity-
based cumulative effects assessment and have been adopted by DFO as a tool to
identify the impact chains for specific activities of interest (e.g. anchoring) within a
sector (e.g. shipping).

National POE models have been developed for some activities, including aquaculture
(DFO 2009b), shipping (DFO 2015), and commercial fisheries (e.g. Baer et al 2010) and
a number of activities associated with development (Table 2). Pathways of Effects
models were also developed for a number of activities in the Yukon North Slope pilot
project (Stephenson and Hartwig 2009). An example of an activity POE model is
provided in Figure 5.
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Land-based and in-water activities

rl

Use of

explosives l

Change in bank
compostion or
stability
Detonation
near water
Blast Particle Instantanecus
residues velocity pressure change
> 13 mm/sec <100 KPa eRaESE
| — erosion
potential
Change in nutrient Lethal or sublethal
concentrations effects on fish

Change in Change in sediment
contaminant concentrations
concentrations

Figure 5 - Example of an Activity-based Pathways of Effects diagram for the use of explosives in the
marine environment (after GOC, 2012)

Examples of activity-based assessments within DFO

Outlined here are examples of areas in DFO where activity-based CE assessment have
been carried out, or where cumulative effects have been identified to be an area of
interest for shipping, fishing, aguaculture and land-use activities.

Fishing
One of the five guiding principles of the DFQO’s Fisheries Protection Policy (FPP) is to
use an ecosystem approach and include “consideration of cumulative effects on the
state, resiliency, and natural biodiversity of the ecosystem” (DFO 2013b). DFO’s
Sustainable Fisheries Framework (SFF) establishes the policy basis for using an
ecosystem approach to fisheries management. Though the SFF identifies the
consideration of cumulative effects as a fundamental component for using an
ecosystem approach to fisheries management, to date, there are only a few examples
of explicit consideration of the cumulative effects of fishing impacts in DFO research
publications. There are, however, many examples of DFO moving towards using the
ecosystem approach which could be used as components of, or to inform a fishing-
related cumulative effects assessment. For example:
¢ Elucidating the ways that fishing activities impact the marine environment
o Description of the impacts of mobile gear (trawl gears and scallop dredges)
and non-mobile bottom-contacting gears in marine habitats and communities
(DFO National Capital Region DFO 2006a; DFO 2010)

13



©)

Examination of the indirect effects of bottom-contact fishing (by trap) on
sponge reefs in the Pacific region by estimating remobilized sediment
footprints in the Hecate Strait/Queen Charlotte Sound (Boutillier et al. 2013)
and Strait of Georgia and Howe Sound (DFO 2018b).

Creation of a holistic Pathways of Effects model for Capelin to highlight
potential cumulative effects which could guide future efforts for CEA (Quebec
Region, Giguere et al., 2011)

e Risk-based approaches

o

(@]

Using a risk-based approach to assess the risk of shrimp fishing to Narwhal
overwintering habitat and food source (DFO 2017c)

A pilot application (Pacific Region, Holt et al. 2012) of an ‘Ecosystem Risk
Assessment Framework for the Effects of Fishing’ (ERAEF) that assesses
ecological risk from fishery or non-fishery impacts on species, habitats, and
ecological communities to inform an ecosystem-based risk assessment
approach to fisheries management (based on a method developed by
Hobday et al. (2007; 2011)). Though the ERAEF was thorough in assessing
risks from multiple stressors, the method (at Level 1 and 2) did not include an
assessment of cumulative effects by combining the risks calculated, either
across multiple stressors within a single fishery, or across all
fisheries/activities (Holt et al. 2012). The authors of the ERAEF and other
researchers have since tested ways to integrate cumulative effects into risk
assessments of fishing but these have yet to be applied by DFO (Zhou et al.
2013; Micheli et al. 2014; Zhou et al. 2016).

e Fishing-Related Incidental Mortality (FRIM)

o

The FRIM work provides a synthesis, using a systematic review (quasi-meta-
analysis), of the multiple factors (fishing, environmental, and intrinsic)
affecting salmon survival in relation to a fisheries encounter (Patterson et al.
2017a), and provides a risk assessment approach (Patterson et al. 2017b) by
modelling the cumulative impact of the key multiple stressors on fish survival.
The risk approach calculates the impact of the different factors by assuming
the interactions among stressors are antagonistic, additive or synergistic. The
process used a weight of evidence approach, trying to avoid expert opinion
where possible (DFO 2016c). This information is being used by DFO to
assess the risk of FRIM for post-season mortality estimates of sockeye, as
well as to develop quantitative estimates of FRIM for other salmon species
(D. Patterson, DFO, pers. comm.).

Additional CEA work on salmon species in relation to fishing is described under
species-based methods.

Shipping

Impacts on marine mammals from development projects

A cumulative effects framework, the Cumulative Ecological Risk Assessment
Framework (CERAF), was developed (Newfoundland & Labrador and Quebec Regions;
Lawson and Lesage, 2012; DFO 2017d) to quantify and accumulate the risks to marine
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mammals from major development projects. Application of the approach was first
illustrated in the context of an impact assessment of shipping activities associated with
the proposed marine development by the Mary River Project, Nunavut (Lawson and
Lesage 2012). Cumulative effects, in this case, assessed repeated exposures from
shipping noise and ship strikes on marine mammals over time. Outputs from Lawson
and Lesage’s (2012) case study included modelled estimates of the expected number of
whales (by species) at risk of ship strike annually, and number of individual-exposures
of whales to shipping noise levels = a threshold of 120 dB re 1 pPa annually. A
gualitative severity rating matrix was developed to combine magnitude, extent, and
temporal duration/frequency into a severity rating. This severity rating combined with
likelihood of occurrence yielded relative impact rating. In 2017, the framework was
adapted to be more comprehensive in its incorporation and treatment of data inputs,
and its acknowledgement and estimation of uncertainty and risk (DFO 2017d). The next
steps in developing this CERAF will be to operationalise the framework to a greater
extent, for example, by providing for both data-rich and data-poor contexts (J. Lawson
pers. comm.).

National Cumulative Effects Framework for Marine Shipping (Oceans Protection
Plan)

DFO is collaborating on the Government of Canada’s Ocean Protection Plan (OPP) with
Transport Canada (TC) and Environment and Climate Change Canada (ECCC).
Transport Canada leads the development of a national cumulative effects framework for
marine shipping with the goal of increasing understanding of impacts of marine vessel
activity on the environment (under Pillar Il of OPP - the preservation and restoration of
marine ecosystems) (DFO 2017b). As well as framework development, the initiative is
collecting data and developing tools to apply to existing vessel movements and future
project developments. This project will assess six pilot coastal areas of Canada, where
the scoping phase of the project will determine: the scope of marine shipping activities
to be assessed; spatial and temporal boundaries; valued ecosystem components
(VECSs); and the stressors with the potential to impact them. The effects of proposed
activities on VECs can then be assessed and mitigation tools and strategies developed.
This initiative will involve a significant collection of coastal environmental data and
regional marine shipping data for these focal areas. Engagement for this initiative began
in autumn 2017.

Aquaculture

Fisheries and Oceans Canada (DFO) recognizes the importance of studying cumulative
effects and ecosystem interactions with respect to aquaculture. Overall sustainability of
the aquaculture industry can be enhanced by identifying possible cumulative effects of
aquaculture activities, characterizing the capacity for an area to support aquaculture
activities, validating indicators of aquaculture effects that can be used to predict,
measure, and quantify ecosystem effects, and developing tools to support ecosystem-
based environmental management, regulation, and decision-making.

In 2005-06, DFO held national workshops to inform the understanding of aquaculture
impacts and provide science advice on the effects of aquaculture-environment
interactions both in the near- and far-field. The first workshop on marine finfish
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aquaculture (DFO 2005a) discussed five papers on issues such as benthic impacts from
increased sedimentation and nutrient-loading (Chamberlain et al. 2005; Page 2005;
Strain 2005; Wildish et al. 2005; Vandermeulen et al. 2005). Some of these papers
described the potential far-field impacts of finfish aquaculture, for example on sensitive
marine habitat-forming species such as eelgrass and kelp (DFO 2005a; Vandermeulen
et al. 2005), and the potential for widespread secondary effects on marine ecosystems
due to the important role of these species as habitats and food sources.

The second workshop on shellfish aquaculture (DFO 2006b) discussed five papers
(Anderson et al. 2006; Chamberlain et al. 2006; Cranford et al. 2006; McKindsey et al.
2006; Vandermeulen et al. 2006). One of these papers (Anderson et al. 2006)
specifically examined how the cumulative effects of shellfish aquaculture on fish habitat
(e.g. biodeposition, nutrient alteration, phytoplankton depletion, etc.) could be quantified
and whether those effects can be predicted or measured in the far-field. It was
recognized in the paper that “cumulative effects of shellfish aquaculture and other
human activities will depend on both the effects of each activity under consideration and
the potential for synergistic or antagonistic effects”, however a clear process or
framework for how to consider these interacting cumulative effects was not developed.
Overall, the workshops identified a large number of knowledge gaps requiring further
research and recognized that a ‘bay-wide’ management approach should be adopted so
that aquaculture can be placed within the context of other cumulative stressors and their
interactions.

In 2009, a Pathways of Effects (PoE) for Finfish and Shellfish Aquaculture model was
reviewed through DFO’s CSAS peer-review process. This model described the
relationships between aquaculture activities and seven stressor categories relevant to
both finfish and shellfish aquaculture: physical alteration of habitat structure; alteration
in light; noise; release of chemicals and litter; release or removal of nutrients, non-
cultured organisms, and other organic material; release or removal of fish; and release
of pathogens (DFO 2009b). Seven research papers that described the nature, scale and
variability of the activities-stressors-effects relationships were peer-reviewed as part of
this process and provided the foundation and detail underpinning the overall
Aquaculture PoE model (Burridge et al., 2010; Grant and Jones, 2010; Leggatt et al.,
2010; McKindsey, 2010; Olesiuk et al. 2010; Trippel 2010; Chamberlain and Page,
2013).

To support development of the aquaculture industry in a sustainable manner that
protects ecosystems and conserves wild fish populations, DFO established the
Sustainable Aquaculture Program (SAP) in 2008. Science activities under SAP are
advanced through the Program for Aquaculture Regulatory Research (PARR), which
funds targeted research to advance our understanding of the interactions between
aquaculture and the aquatic environment, to increase scientific knowledge, and
ultimately to inform regulatory decision-making and policy development. One of the five
themes for this research program is “cumulative effects and ecosystem management”.
There have been 18 research projects funded by the PARR under the cumulative
effects management theme over the time period 2008-2017. For shellfish aquaculture,
research has been focused on understanding how much aquaculture production a bay
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can support while maintaining wild species, communities, and the ecosystem. Some
examples include examining relationships between benthic loading by farmed mussels
and aquatic invasive species (McKindsey et al. 2009), evaluating interactions between
bivalve aquaculture, land use, physical characteristics of bays, and eelgrass coverage
at bay-wide scales (Niles et al. 2014), and projects developing and validating indicators
and models for assessing carrying capacity (Comeau 2013; Guyondet et al. 2015). For
finfish aquaculture, research has been focused on characterizing the likely interactions
between farms in an area, understanding connectivity between these farms, and
supporting the development of bay or area-based management zones. Some examples
of this include evaluation of oceanographic conditions that may influence sea lice in
salmon farming areas (DFO 2012) and development of circulation models to assess
connectivity of zones for managing risks related to pathogens and and/or wastes
(Foreman et al. 2012).

In 2015, the Aquaculture Science Environmental Risk Assessment Initiative was
implemented under the SAP to assess the risks associated with each of the
environmental stressors validated in the PoE for finfish and shellfish aquaculture. The
four-step Aquaculture Science Environmental Risk Assessment Framework has been
developed for this purpose (see Figure 6).

Peer-review
through the
Canadian Science
Advisory Secretariat

Research
Document

Risk Communication

Science
Advisory
Report

Figure 6 — DFO’s Aquaculture Science Environmental Risk Assessment Framework

The first series of risk assessments to be conducted under the initiative was focused on
the pathway related to the release of pathogens, and is specific to Atlantic salmon
aquaculture activities in the Discovery Islands area of British Columbia. This is in direct
support of DFQO’s role in the management of aquaculture in British Columbia and aligns
with recommendations in the final report of the Commission of Inquiry into the Decline of
Sockeye Salmon in the Fraser River (Cohen, 2012a). The first risk assessment has
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been completed and evaluated the risk of Infectious Hematopoietic Necrosis Virus
(IHNV) transfer to Fraser River Sockeye Salmon from Atlantic Salmon farms in the
Discovery Islands area of British Columbia (Mimeault et al. 2017). Cumulative effects
were mentioned as a source of uncertainty in the consequence analysis (“...the lack of
knowledge of potential sublethal and cumulative effects of exposure to IHNV’),
however, this approach could include cumulative effects assessments as a component
of the risk estimation phase in the future.

In 2016, two new DFO aquaculture science programs were announced, the Aquaculture
Monitoring Program (AMP) and the Aquaculture Ecosystem Interactions Program
(AEIP). The objective of the AMP is to conduct long-term far-field monitoring of the fate
of aquaculture inputs (i.e. organic matter, trace metals, drugs, pesticides, and
antibiotics). The program also aims at characterizing potential cumulative effects of
multiple farms located in an area. This information can help make appropriate, science-
based management decisions around issues such as farm siting, site management, and
the use of fish health treatments that consider the fate and behaviour of these inputs in
the environment, and their spatial and temporal distribution away from the farm sites.
The AEIP supports research on the impacts of aquaculture activities and their
interactions with the supporting ecosystem, including the cumulative effect of other
stressors present in the environment in order to differentiate positive and negative
associations induced by aquaculture. This type of work better positions DFO to address
challenging and confounding ecological knowledge gaps that cannot be addressed
through the current short-term, targeted research programs, and will help to inform
managers and policy makers in making complex ecosystem-based management
decisions.

In the regulatory context, DFO collects information that can be used to understand the
potential interactions and cumulative effects of marine finfish aquaculture sites both
prior to and during operation. Applications for new sites and boundary amendments
require submission of baseline information under DFO’s Aquaculture Activities
Regulations (AAR) for marine finfish cage sites. While Provincial governments are the
primary regulators and leasing authorities for aquaculture (except in British Columbia
and Prince Edward Island), DFO continues to provide input to support provincial siting
decisions, including through the provision of science advice.

Baseline survey submissions for aquaculture sites include information such as the
predicted footprint of biochemical oxygen demand (BOD) matter deposition, surveys of
fish and fish habitat, bathymetry data, and visual, geochemical, and sedimentological
assessments of the benthic substrate. Location requirements of the survey are aimed at
evaluating potential cumulative effects in the localised (below cages) and near-field
(within metres) areas prior to licensing approval to develop aquaculture in a sustainable
manner that protects marine ecosystems and mitigates risk to wild populations of fish
and fish habitat. With this information, DFO provides science input for siting decisions to
provincial regulators, when requested, and cumulative effects between sites in a given
area is often evaluated in that context.

Even prior to the implementation of the AAR in 2015, DFO Science provided advice on
the potential for and risks associated with cumulative interactions between a proposed
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and existing site in Port Mouton, Nova Scotia (DFO 2007; DFO 2009a). The AAR also
outlined requirements for ongoing operational monitoring of the benthic substrate, and
includes the establishment of reference stations to further assess the potential effects
that can vary in scale from near- (within metres) and far-field (kilometres).

STRESSOR-BASED CUMULATIVE EFFECTS ASSESSMENT

Overview and structure of assessment

The second method framework focuses on the assessment of cumulative effects from a
stressor. The structure of this assessment type is outlined in Figure 7. The method
framework aims to assess the effects of a single stressor linked to single or multiple
anthropogenic activities. The need for a focus on a single stressor may be because the
stressor has the potential to have significant or complex impacts. These assessments
are particularly useful in situations where mitigation is under consideration because the
stressor levels can be directly measured and managed (e.g., ban of PCBs, closure of
shellfish harvesting due to levels of bacteria or algal biotoxins), or where chemical and
structural pollutants from multiple sources or source types may accumulate in the
environment and in ecosystem components of concern (e.g. PDBEs — Ross, 2006).

Research within DFO has examined the cumulative effects of numerous stressors,
including multiple chemical pollutants (e.g., Ross, 2006), sediment resuspension (e.g.,
Boutillier et al., 2013), and noise (e.g., O’Neill and Vagle 2015; Allen et al., 2018;
Gervaise et al., 2015).

Human Human Human

Activity Activity Activity

Stressor
Ecological Ecological Ecological
Component Component Component

Figure 7 — Structure of a stressor-based cumulative effects assessment focusing
on the activities that contribute to a single stressor and the impact of that stressor
on the ecological component(s)
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Pathways of Effects Models to inform this framework type

Stressor-based Pathways of Effects models can be used to determine the impact chains
from the stressor to different endpoints, such as fish health, or from different
contributing activities (see example in Figure 8).

Noise

A 4 A 4

Fish health Migration Other

Figure 8 - Example of a generalised Stressor-based Pathways of Effects Model
for Noise (adapted from GOC, 2012)

Examples of stressor-based assessments in DFO

Noise

Noise is a complex stressor of increasing research interest within DFO, in particular with
regard to its potential impacts on marine mammals. DFO researchers are collaborating
with external agencies to map cumulative shipping sound exposure levels (Quebec
Region; Gervaise et al., 2015). These data are being used to support the development
of a probabilistic shipping Sound Exposure Levels (SEL) model which will allow
identification of areas where SEL exceed threshold values and the percentage of time
that the threshold is exceeded, in order to guide management decisions regarding
impacts to aquatic biota (Gervaise et al. 2015).
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DFO has worked with the consultant JASCO to develop a regional cumulative noise
model. JASCO noise models have been used to examine cumulative noise levels of
marine vessels (commercial, recreational, and whale watching vessels) and how that
might change with increased vessel traffic projected with the proposed Trans Mountain
Expansion (TMX) project. The habitat of the endangered Southern Resident Killer
Whale (SRKW) overlaps with major shipping lanes, making noise an acknowledged
stressor of concern for this population (DFO 2017a, 2017e, 2017f). The anticipated
increase in vessel traffic may increase the cumulative effects experienced by the SRKW
and may have adverse impacts to SRKW populations (DFO 2017g). DFO Science
provided advice on this question through CSAS in 2017 and proposed a number of
potential mitigation measures to reduce noise impacts (DFO 2017g). Noise and
cumulative effects on large whales is a major theme in the new Ocean Protection Plan
(OPP) initiative, a partnership between DFO, Transport Canada, and Environment and
Climate Change Canada (DFO 2016d).

DFO is a collaborator and participates on the advisory and acoustic technical
committees of the Port of Vancouver’'s Enhancing Cetacean Habitat and Observation
(ECHO) program, launched in 2014, an “initiative aimed at better understanding and
managing the cumulative impacts of shipping activities on at-risk whales throughout the
southern coast of British Columbia”. The ECHO program identifies noise as one of the
key threats to whales in this region (in addition to ship collisions, contaminants and prey
availability (VFPA 2017).

Contaminants

Research within DFO has examined the cumulative effects of chemical pollutants (e.g.
Ross et al. 2000; Ross, 2006; Burridge et al. 2008), in the context of a population’s
repeated exposure to pollutants through time. The interactions between chemical
pollutants and other factors such as ultraviolet radiation and climate change have also
been examined (e.g., Reist et al. 2006, Wrona et al. 2006). Currently, contaminants
research is supported by DFO through the National Contaminants Advisory Group
(NCAG) (http://www.dfo-mpo.gc.ca/science/environmental-environnement/ncag-
gncc/index-eng.html). Research priorities identified for funding under this process
include cumulative effects studies of aquaculture therapeutants and their effects on non-
target organisms (http://www.dfo-mpo.gc.ca/science/environmental-
environnement/ncag-gncc/2017/priorities-eng.html).

Sediment re-suspension

DFO Science assessed the risks associated with sediment remobilisation from fishing
and provided mitigation options (Boutillier et al., 2013). To estimate the remobilised
sediment footprint, a framework was developed and applied that described (i) the
intensity of fishing activities (in relation to sediment remobilisation); (ii) the sediment
types; (iii) the factors affecting resettlement rates of remobilised sediment; and (iv)
dispersion of remobilised sediment as a result of ocean currents under different fishing
scenarios. The framework incorporated components of the Ecological Risk Assessment
Framework (ERAF) to estimate risk (O et al. 2015). Under this framework, the
estimation of overall risk for fishing intensity incorporated the cumulative impacts of
each day fished for each reef complex from all fisheries, as the fisheries do not always
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take place at the same time (Boutillier et al., 2013). A sediment resettlement model and
dispersion model were used to calculate the impacted area. The sediment dispersion
models were then used to inform the risk to sponge reefs of exposure to remobilised
sediment from fishing activities under a range of mitigation strategies. More recently,
this method has been applied and further developed to assess risks from bottom-
contact trap fishing to sponge reefs in other areas of BC (Strait of Georgia sponge
reefs) (DFO, 2018b)

Causeways and tidal barriers

The construction of causeways and tidal barriers can have a range of impacts on fish
and fish habitat. An intensive effort by DFO and other agencies assessed the effects of
the Petitcodiac River causeway which blocked tidal flow and fish passage in a
macrotidal estuary of the Bay of Fundy. The objective of the study was to assess the
effect of the causeway on a wide range of receptors, including water quality and flow,
estuarine and freshwater habitat, diadromous fish composition, population structure and
abundance, zooplankton composition and abundance, benthic invertebrates, and
marine and freshwater macrophytes (e.g., Aubé et al. 2005, Locke 2001, Richardson et
al. 2002).

As the watershed and its fisheries had been well studied by DFO researchers between
the 1940s and 1960s, a form of cumulative effects assessment was conducted by
gualitatively assessing the ecological value of the watershed before and after the
causeway construction in 1967. This assessment considered criteria of temporal
stability, uniqueness, conservation of native species, and level of disturbance (Locke et
al. 2003). Subsequently, a full Environmental Impact Assessment was conducted for
modification to the causeway (New Brunswick Department of Environment and Local
Government 2005) and a critique of this EIA stated that based in part on the level of
cumulative effects assessment conducted, ‘the Environmental Impact Assessment
Report for Modifications to the Petitcodiac River Causeway performs very strongly in
light of academic criticisms of typical Canadian EIA practices” (St. Pierre, 2014).

Aquatic Invasive Species

Risk assessments for aquatic invasive species in Canadian waters examine the effect of
the stressor (the invasive species) on multiple receptors, including biodiversity, fisheries
and aquaculture industries, wildlife and human health, habitat, and genetic
consequences (e.g., Therriault et al. 2008). While there is no specific method of
combining effects on multiple receptors, Mandrak et al. (2012) considered these
assessments to be cumulative in the sense that they consider effects expressed
incrementally through the stages of an invasion (i.e., arrival, survival, establishment and
spread).

Climate Change
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DFO has conducted risk assessments of each major ocean basin in relation to climate
change, considering a wide range of receptors (DFO 2013c). Although the assessment
could be considered cumulative in the sense that multiple impacts were identified, one
conclusion of the report was that “There is a gap in our understanding of how to
incorporate cumulative effects into assessment (risk, vulnerability, etc.) processes”.
The projected impacts of climate change are meant to be taken into consideration when
making resource decisions (Prime Minister's Mandate Letter 2016°).

SPECIES-BASED CUMULATIVE EFFECTS ASSESSMENT

Overview and structure of assessment

The third method framework focuses on the assessment of cumulative effects to a
species or habitat. Habitat may refer to habitat-forming species such as kelp and
eelgrass, or to water quality, quantity and physical features. The structure of this
assessment type is outlined in Figure 9. The method framework aims to assess the
cumulative effects of multiple human activities and stressors on a single taxonomic or
functional group (e.g., species, population) or habitat.

Human Human Human

Activity Activity Activity

Stressor Stressor Stressor
Species /
Habitat

Figure 9 - Species-based cumulative effects framework showing relationship between
multiple human activities, stressors and a single ecological component (species or habitat)

Within DFO, this type of assessment would be appropriate for SARA-listed species,
fisheries species or habitat-forming species, or any other species of interest. The client
sectors who would benefit from the outputs of this type of CEA would include species at

5 https://pm.gc.ca/en/mandate-letters/minister-fisheries-oceans-and-canadian-coast-quard-mandate-letter
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risk (SARA), fisheries and aquaculture management (FAM), and ecosystem-based
management. Within DFO, there are a number of areas where cumulative effects to
single species have been considered, even if not explicitly mentioned.

Marine
transport

! |

( (
Shipping Drilling
. %

J

Oil and gas

-

mead whale population
\\‘

Figure 10 - Example of a species-based Pathways of Effects Model
(PoE) for bowhead whales (after GOC, 2012)

Pathways of Effects Models to inform this framework type

Species-based Pathways of Effects models (Figure 10) can be used to elucidate the
impact chains from the various activities that can affect a particular species and then
structure a cumulative effects assessment. For example, species-specific CEA is of
increasing interest to the fishing industry as the environmental impact assessment of
fisheries entering into Marine Stewardship Council (MSC) certification requires the
consideration of cumulative effects (Marine Stewardship Council 2013).

Examples of species-based assessments in DFO

Pacific Salmon

Stressors can act on different stages in the salmon life cycle so that the cumulative
effects of these stressors can reduce overall salmon population levels (Healey 2011).
This is consistent with DFO salmon stock assessment, where cumulative effects usually
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refer to the accumulation of factors, such as mortality, that occur in the different life
stages and that ultimately determine the size of a recruiting population (Jamieson and
Chew 2000). Impacts on salmon population size can be assessed using a population
model which captures stressor input at various points in the life cycle. A framework
developed by Bradford et al. 2014 assesses changes in fisheries productivity (vital rates
and life processes needed for fish to complete their life cycle) caused by the effects of
development projects. The framework, in a hybrid activity-species approach, uses
Pathways of Effects Models (PoESs) to identify project impacts on fisheries productivity
components such as survival.

The Cohen Commission of Inquiry into the Decline of Sockeye Salmon in the Fraser
River (Cohen, 2012a; 2012b) noted that the accumulation of small impacts from small-
scale developments can result in a gradual loss of fish habitat but that DFO lacks
methodologies for assessing such cumulative effects, possibly due to a project- by-
project focus. Recommendation 71 was that DFO needed to consider the “cumulative
effects of stressors of Fraser River sockeye health and habitat in its management of
fisheries and fish habitat”. Progress on the implementation of this recommendation (as
well as the related recommendation 72) has been reported in the 2017 Cohen
Response 2017 Status Update (DFO 2017h).

DFO is developing an implementation plan for its 2005 Wild Salmon Policy (WSP) (DFO
2005b). DFQO'’s draft WSP implementation plan for 2018-2022 (DFO 2017i) states that
salmon Conservation Units are exposed to cumulative impacts across the range of
habitats throughout their life history, and outlines objectives including supporting
“ongoing national and provincial initiatives and increase interagency communication on
cumulative effects assessment and management issues pertaining to shared aquatic
ecosystem values”. To fulfil some of these objectives, DFO partnered with the Pacific
Salmon Foundation to create an online tool in 2016 (the ‘Pacific Salmon Explorer’) that
allows users to explore and visualise cumulative pressures (stressors) on freshwater
salmon habitats in the Skeena watershed, and is an example of what could be used in
other areas (http://salmonexplorer.ca).

DFO has examined the impact of multiple stressors on Pacific salmon in a number of
initiatives. DFO Scientists at the DFO Pacific Cooperative Resource Management
Institute (Simon Fraser University) have compiled and evaluated quantitative methods
for analysing cumulative effects on fish migration success which can be used as a
primer for researchers to model cumulative effects of a range of variables to fish
migration success (Johnson et al., 2012). DFO has studied the impact of multiple
stressors (mostly concurrent exposure) on salmon survival and/or surrogates of survival
(i.e., physiology, behaviour: Teffer et al. 2018; McLean et al. 2016; Miller et al. 2014,
Raby et al. 2015). The quantitative techniques used for assessing interactions among
stressors is outlined in Johnson et al. (2012) and includes experimental (e.g. Robinson
et al. 2013) and observational studies (Drenner et al. 2015). Though most of the
information from this work is related to fisheries management, it contributes to work
related to fish passage relevant to the Fisheries Protection Program (Middleton et al.
2018).
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The multiple stressors affecting en route mortality of Fraser River Sockeye salmon have
been examined using environmental information to proactively adjust harvest levels, as
per Pacific Salmon Treaty obligation, and for determining post-season impact of multiple
stressors on in-river mortality estimates. The quantitative modelling using environmental
information for in-season adjustments (e.g. Macdonald et al. 2010; Cummings et al.
2011) is supported by migratory physiological stress work (see Patterson et al. 2016).
The post-season assessment of mortality uses a qualitative risk assessment approach
for dealing with multiple risk factors (e.g., water temperature, discharge, fishing,
behaviour, fish condition), including a separate risk-based CEA on release mortality
(Patterson et al. 2017b). The risk posed by water temperature on in-river survival is
considered a dominant factor and is based on cumulative exposure across the in-river
migration (e.g. Hague et al. 2011). Current work in this area is focused on using
Bayesian Belief Network methods to assimilate the disparate factors that can influence
in-river mortality (D. Patterson, pers. comm.). DFO partners on this work with the Pacific
Salmon Commission and academia (UNBC, SFU, UBC, Carleton).

DFO is collaborating with academia (UNBC, SFU, UBC) to develop an approach to
model the cumulative effects of different stressors on salmon survival to assess the
utility of different management actions. Ongoing work by DFO scientists uses a
generalized quantitative framework to assess the cumulative effects of stressors on
Fraser River sockeye salmon developed by Dr. Eduardo Martins (SFU, now at UNBC).
This work will conduct a detailed analysis of the cumulative effects of stressors on
survival and fecundity of Fraser River sockeye salmon using Integrated Population
Models (IPM; Schaub & Abadi 2011). IPMs will be used to assess the dynamics and
viability of populations experiencing multiple stressors (Koons et al. 2017). The impact
of a single stressor on one life-stage may not be as important to population dynamics as
an equivalent stressor applied to a different life-stage, due to density dependent and
independent responses. The model framework will be used to quantify the impact of
specific stressors and assess the efficacy of potential management actions in reducing
impacts (D. Patterson, DFO, pers comm.).

Marine Mammals

The Species at Risk Act (SARA) action plan for Northern and Southern Resident Killer
Whales in the Pacific (DFO 2017a; DFO 2017f), outlines 98 Recovery Measures (RMs),
three of which relate (directly or indirectly) to cumulative effects (Table 2). The
Ecosystem Stressors Program (ESP) in DFO Science has collaborated with SARA to
conduct a cumulative effects assessment for both killer whale populations (Clarke
Murray et al. 2019), adapted from population models developed by Velez-Espino et al.
(2014) and Lacy et al. (2017)).
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Table 3 - SARA Recovery Measures for Resident Killer Whales related to cumulative effects from the
primary threats (reduced prey availability, environmental contamination and disturbance)

# | Recovery Measure

Take into account both the seasonal (acute) as well as the cumulative (chronic)
6 effects of poor returns for Chinook and other important prey species on Resident
Killer Whales when managing fisheries.

Assess cumulative effects of potential anthropogenic impacts on Resident Killer

11 Whales using an appropriate impact assessment framework for aquatic species.

Review and assess project impacts on Resident Killer Whales and their habitat,

17 1 and provide advice on avoidance and mitigation measures as required.

The beluga whale SARA recovery strategy (St. Lawrence estuary population) states that
“...itis also important to take into account the cumulative and synergistic effects of
these threats on the St. Lawrence beluga population” (DFO 2012). DFO scientists in
Quebec region have collaborated with other scientists to build a model to predict how
the St. Lawrence beluga population may respond to changes in environmental
conditions and to the cumulative effects of three threats (prey abundance, underwater
noise and disturbance, and chemical pollution). In this work, a Population Viability
Analysis (PVA) model was developed and threats were assessed using an additive
approach (Williams et al. 2017). The CEA was used to examine the relative importance
of these threats and the effect of single and multiple-threat management scenarios
(Williams et al. 2017).

A national cumulative effects framework has been developed by DFO scientists to
examine the impacts of major development projects on marine mammals and turtles,
and has been applied to bowhead, narwhal and beluga whales (Lawson & Lesage
2012). This example was described under the previous ‘Activity-based’ section as it
focuses on shipping, but it could also be considered a hybrid activity-species approach.
Subsequent modifications of the framework have expanded the scope to include
additional stressors and activities (DFO 2017d).

AREA-BASED CUMULATIVE EFFECTS ASSESSMENT

Overview and structure of assessment

The fourth method framework focuses on assessing the cumulative effects to ecological
components in a specific area. The structure of this assessment type is outlined in
Figure 11. This method framework aims to assess the cumulative effects of all human
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activities and stressors occurring in a specific area. Within DFO this type of assessment
is appropriate for marine spatial planning and management, aquaculture siting, and in
environmental assessment of development projects. O et al. (2014) developed an area-
based cumulative effects assessment framework for guiding Ecosystem-Based
Management and monitoring of Marine Protected Areas (MPAs) and Large Ocean
Management Areas (LOMAS). This framework is called the ‘Ecological Risk Assessment

Human Human Human

Activity Activity Activity

Stressor Stressor Stressor
Ecological Ecological Ecological
Component Component Component

Figure 11 - Area-based (or ecosystem) cumulative effects framework
capturing multiple human activities, stressors and ecological components.

Framework (ERAF) and uses a risk-based tiered approach progressing from qualitative
to semi-quantitative to quantitative risk assessment depending on the objective and
data availability. The ERAF accumulates risk scores from individual stressor-ecological
component interactions additively.
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Pathways of Effects Models to inform this framework type

Large scale, holistic POE models can be integrated within ecosystem or area-based
assessments. Holistic POE models include all valued ecosystem components, stressors,
and activities in the system of interest (e.g. Figure 12). Models of this type were
developed for the Yukon Slope Shelf area (Stephenson and Hartwig 2009; Figure 12).
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Figure 12 - Holistic Pathways of Effects (PoE) model for Yukon North Slope study area (Stephenson and Hartwig
2009)

Examples of area-based assessments in DFO

Ecological Risk Assessment Framework

The Ecological Risk Assessment Framework (ERAF) developed within DFO Science (O
et al. 2014), considers multiple activities producing multiple stressors, and their impacts
on multiple ecosystem components of interest. The ERAF is a transparent method to
provide science-based advice on anthropogenic impacts for ecosystem-based
management, and to guide the identification of indicators for Marine Protected Areas
(MPAs) and Large Ocean Management Areas (LOMAS) in Canada. The ERAF has a
scoping phase followed by three increasingly quantitative levels of risk assessment, and
provides methods for calculating risk of harm to an ecosystem from both single and
multiple stressors by considering elements of exposure, sensitivity and recovery. In the
scoping phase, human activities and associated stressors in the area are identified, and
species, habitats and communities in the area are assessed to produce a handful of
ecosystem components. The potential impact of stressors to selected components is
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then assessed in the risk assessment phase (Level 1, 2 or 3). The framework is a top-
down approach, where risk to each ecological component from each stressor is
assessed by evaluating exposure, sensitivity and recovery to produce a risk score. The
cumulative risk to a component is calculated by adding up the risk to that component
from each stressor. When applied to Marine Protected Areas, the outputs of the ERAF
have been used to select ecological risk-based indicators that will be used to develop
research and monitoring strategies, refine conservation objectives further into
operational objectives, and develop monitoring plans. The framework predominantly
considers impacts as a snapshot of the present time, but can include ‘potential’
stressors which may occur in the future (such as an oil spill, or invasive species). It is
area-based, but only considers impacts of stressors to the specific ecosystem
components within that area.

As an initial pilot project, the ERAF was applied to a Large Ocean Management Area
(LOMA), the Pacific North Coast Integrated Management Area (PNCIMA) (Clarke
Murray et al., 2016a). The ERAF has since been applied to three MPAs: Bowie
Seamount MPA (Rubidge et al 2018), Endeavour Hydrothermal Vents MPA
(Thornborough et al., 2016); and the Hecate/Queen Charlotte Sound Glass sponge
reefs MPA (DFO, 2018c). A similar risk-based cumulative effects assessment was
applied in Newfoundland to the Placentia Bay/Grand Banks LOMA (Park et al., 2010;
2011). Though the ERAF framework includes guidance for estimating cumulative risk
from synergistic, compensatory, and masking interactions, only additive risk has been
tested in applications to date. The inclusion of indirect effects was considered in an
extension of the PNCIMA pilot project (Clarke Murray et al., 2016Db).

A national Climate Change Vulnerability Assessment (CCVA) framework has been
proposed to assess commercially-important fisheries vulnerability (or risk) to climate
change across DFO'’s regions and was applied by Hunter et al. (2015). The CCVA
Framework extends from DFQO’s Pacific ERAF Framework and incorporates elements of
other CCVA methods (e.g. Stortini et al. 2015) in an effort to develop a tool that
expresses vulnerability spatially (both exposure and sensitivity), and incorporates
fisheries governance adaptive capacity. The tool has been applied to 20 selected
fisheries. In addition, the Marine Species Vulnerability Database (developed by Nadja
Steiner, Karen Hunter, and Helen Drost) contains information on thermal limits and
thresholds to multiple stressors for key Arctic and Pacific marine species that can be
used in cumulative effects assessments.

Canadian Healthy Oceans Network

Two DFO-partnered research projects within the CHONE-2 cumulative effects research
theme address cumulative effects within specific geographic areas at two different
spatial scales in the Gulf and estuary of St. Lawrence. The project “Indicators of benthic
condition at the Gulf-scale: Megabenthic community structure” will, among other
objectives, develop a spatially explicit map of cumulative stressors for the Gulf of St.
Lawrence (https://chone?2.calfind-research/megabenthos-indicators/). On a bay-wide
spatial scale, the second project is “To evaluate and model how natural and
anthropogenic stressors interact to impact pelagic and benthic communities along a
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sub-Arctic coastline and develop bay-scale condition indicators” (https://chone2.ca/find-
research/coastal-stressors/).

Environmental Assessments

DFO Science is often asked to review and comment on CEAs from project
environmental impact assessments (e.g. Roberts Bank T3 EIA). The Federal Canadian
Environmental Assessment Agency (CEAA) manages environmental assessments
(EAS) used to determine the potential environmental impacts of proposed developments
to inform decision making. The Canadian Environmental Assessment Act (CEAA 2012)
and its regulations are the legislative basis for these EAs. The requirement to consider
cumulative effects in EAs began in the 1990’s with the publication of a cumulative
effects assessment reference guide and practitioner’s guidelines (CEAA 1994,
Hegmann et al., 1999). One of the specific purposes of CEAA 2012 was to “encourage
further studies of the cumulative effects of physical activities in a region and the
consideration of the study results in environmental assessments”.

There is widespread criticism of the assessment of cumulative effects in the Canadian
EA process (e.g. Burris and Canter 1997; Noble et al 2017). Cumulative effects
assessment in environmental assessment is area-based in that assessments are
focused on the site of a proposed development project. However, the cumulative effects
analyses themselves employ a mix of Activity-based, Stressor-based and Species-
based assessment types (top-down and bottom-up) and do not attempt to assess the
entire suite of cumulative effects to the place of interest.

Ecosystem models

Ecosystem models can be a useful way to illustrate and evaluate the consequences of
cumulative effects. A Strait of Georgia model was developed with Ecopath with Ecosim
software to explore environmental and anthropogenic factors associated with changes
in Coho and Chinook salmon populations in the Strait of Georgia. The model
demonstrated that trophic dynamics and environmental forcing could emulate observed
changes over a period of four decades (Preikshot et al. 2012). However, a synthesis of
outcomes from the Strait of Georgia Ecosystem Research Initiative indicated that most
analyses addressed individual stressors; and that cumulative effects were identified as
a source of uncertainty, particularly in nearshore habitats (DFO, 2012).

In addition, a number of other DFO research initiatives have focused on understanding
multiple activities and their impacts in specific places or ecosystems, although they
have generally not assessed the cumulative effects of these activities (e.g.
Johannessen and MacDonald, 2009). The Strait of Georgia Ecosystem Research
Initiative conducted research on multiple stressors and ecosystem components. Perry
and Masson (2013) examined the drivers of change for the Strait of Georgia marine
ecosystem using Bayesian belief network analysis. The interactions between human
and natural drivers were responsible for significant changes to the ecosystem over time,
with three main anthropogenic drivers: human population growth, recreational fishing,
and hatcheries releases.
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SUMMARY AND CONCLUSIONS

The study and management of cumulative effects is an emerging field and an area of
critical importance to DFO, and the need for cumulative effects assessment (CEA) is
evident throughout the DFO programs, objectives, and diverse clients outlined in this
report. This report has identified a wide range of areas in DFO where work linked to or
relevant for CEA has begun, or where completed work would be crucial in informing
CEA in the future. There have been significant advances in general theoretical
frameworks and visualizations, such as POE models, that can be used to inform CEA.
However, the field of cumulative effects assessment is still emerging and fully
developed CEA methods assessed thoroughly with real case studies are not common.
There are methods for area-based cumulative effects assessments that have been
developed and applied with case studies (e.g. ERAF), but clear and consistent species-,
stressor- and activity-based CEA methods are lacking, and the continued development
and implementation of method frameworks is needed to address this gap (Table 4).

This review has shown that the diverse types of cumulative effects assessments in DFO
distribute logically into the four categories of assessment frameworks, as originally
outlined in Clarke-Murray et al (2014). Consequently we propose a CEA strategy for
Fisheries and Oceans Canada based on this structure (Table 1). An effective and
comprehensive cumulative effects method framework should choose from the various
approaches (activity, stressor, species or habitat, and area-based), depending on the
research question and management objective, and combine approaches as needed.
The available frameworks of the relevant type can then be examined for relevance and
applicability to the stated purpose. Further work is needed to develop, test and refine
the methods behind each framework type in order to provide a set of methodological
guidelines to enable prospective users to apply the appropriate framework for their
purposes. Ongoing development of assessment methods will build upon the existing
work reviewed in this report as well as the body of work external to DFO, in other
government agencies, academia and industry in Canada and around the world. It is
anticipated that using this proposed strategy will support a more streamlined and
effective approach to assessing cumulative effects within DFO.
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Table 4 - Summary table for the four types of cumulative effects assessment and examples of the application of each

type of assessment framework

Type Subject Region Stressors Taxa Method/ Purpose Reference
Tool
Activity Fishing Pacific Fishery and Commercial Risk To assess ecological risk from Holt et al 2012
region non-fishery fisheries Assessment | fishery or non-fishery impacts on
related species species, habitats, and ecological
stressors communities to inform an
Ecosystem-based Risk Approach to
Fisheries Management
Aquaculture | National Chemicals, Various Pathways of | To detail the cumulative impacts of DFO 2009b
escapes, Effects (PoE) | individual aquaculture-related
light, noise, stressors on marine ecosystems
nutrients,
pathogens,
structure
Stressor | Noise Quebec Sound Agquatic biota | Sound Map cumulative shipping sound Gervaise et al
region exposure exposure exposure to identify areas with high | 2015
levels model | sound exposure
Species Salmon Pacific Stressors Salmon Pathways of | Assess the cumulative impact of Bradford et al
region associated Effects development projects on salmon 2014
with (PoEs) population levels
development
projects
Beluga St. Lawrence | Loss of prey, | St. Lawrence | Population Predict how the population may Williams et al
Whales Estuary underwater beluga whale | viability respond to changes in 2017
noise and analysis environmental conditions and
disturbance, model cumulative effects of threats
chemical
pollution
Area Ecosystem Strait of Multiple Multiple Bayesian Characterize and assess the Perry and
Georgia, BC belief impacts of multiple stressors on Masson 2013
network multiple ecosystem components
analysis through time
Marine Pacific Multiple Multiple Risk To provide advice on anthropogenic | O et al 2014;
Protected Region Significant assessment impacts for ecosystem-based Thornborough
Areas Ecosystem management and identify indicators | et al 2016
Components for management objectives
Large Pacific North | Multiple Multiple Risk To provide advice on relative impact | O et al 2014;
Ocean Coast Significant assessment of anthropogenic activities and Clarke Murray
Manageme | Integrated Ecosystem stressors for ecosystem-based et al 2016a, b
nt Area Management Components management
Area
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GLOSSARY

Term Definition Source
Action Any project or activity of human origin. CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)
Assessment A description of a process that organizes CEAA Cumulative Effects
Framework actions and ideas, usually in a step-by step Assessment Practicitioners guide
fashign. Framework; help to guide (Hegmann et al. 1999)
practitioners in carrying out an assessment.
Effect Any response by an environmental or social CEAA Cumulative Effects

component to an action’s impacts

Assessment Practicitioners guide
(Hegmann et al. 1999)

Environmental
Components

Fundamental elements of the natural
environment. Components usually include air,
water (surface and groundwater), soils, terrain,
vegetation, wildlife, aquatics and resource use.

CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)

Environmental
Assessment (EA)

As defined in the Act, "environmental
assessment" means, in respect of a project, an
assessment of the environmental effects of the
project that is conducted in accordance with
this Act and regulations.

Environmental assessment is a process for
identifying project and environment
interactions, predicting environmental effects,
identifying mitigation measures, evaluating
significance, reporting and following-up to
verify accuracy and effectiveness.

Environmental assessment is used as a
planning tool to help guide decision making, as
well as project design and implementation

CEAA website glossary

Environmental Impact
Assessment (EIA)

See Environmental Assessment

CEAA website glossary

Region

Any area in which it is suspected or known that
effects due to the action under review may
interact with effects from other actions. This
area typically extends beyond the local study
area; however, as to how far will vary greatly
depending on the nature of the cause-effect
relationships involved.

CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)

Scoping

A consultative process for identifying and
possibly reducing the number of items (e.g.,
issues,

VECSs) to be examined until only the most
important items remain for detailed
assessment. Focussing

ensures that assessment effort will not be
expended in the examination of trivial effects

CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)

Threshold

A limit of tolerance of a VEC to an effect, that if
exceeded, results in an adverse response by
that VEC.

CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)

Valued ecosystem
component (VEC)

The environmental element of an ecosystem
that is identified as having scientific, social,
cultural, economic, historical, archaeological or
aesthetic importance.

CEAA website glossary
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The value of an ecosystem component may be
determined on the basis of cultural ideals or
scientific concern. Valued ecosystem
components that have the potential to interact
with project components should be included in
the assessment of environmental effects.

Valued Ecosystem
Component (VEC)

Any part of the environment that is considered
important by the proponent, public, scientists
and government involved in the assessment
process. Importance may be determined on the
basis of cultural values or scientific concern

CEAA Cumulative Effects
Assessment Practicitioners guide
(Hegmann et al. 1999)

Table 5 — Glossary of terms adapted from Stelzenmiiller et al. 2018 (supplementary material)

Term

Definition

References

Additive effect

A combined effect produced by the action of two or
more agents, being equal to the sum of their separate
effects, i.e. the total impact is the sum of its parts.

Halpern, 2008; Crain,
2008

Antagonistic effect

A combined effect produced by the action of two or
more agents, being less than the sum of their separate
effects.

Halpern, 2008; Crain,
2008

Assessment A process to determine the condition of values in
relation to objectives.

Baseline A reference condition or value against which changes of | Pitcher, 1998
the state of ecosystems or ecosystem components are
assessed.

Drivers Superior complex phenomena which could be both of Nelson, 2006;

human and natural origin, and directly or indirectly
cause ecosystem change.

Oesterwind, 2016

Ecosystem-based
management
(EBM)

An adaptive approach to managing human activities that
seeks to ensure the coexistence of healthy, fully
functioning ecosystems and human communities. The
intent is to maintain those spatial and temporal
characteristics of ecosystems such that component
species and ecological processes can be sustained, and
human well-being can be supported and improved.

Marine Plan
Partnership Initiative
2015

Effect

An effect is a deviation from the expected— positive
and/or negative. Here it refers to changes of the
structure or function of the ecosystem (i.e. a change to
the habit, biota, and (or) their interactions). An effect
may lead to an impact on receptors or ecosystem state.
Pressure and effect are always linked, but not every
pressure necessarily leads to an impact.

Judd, 2015; Jones,
2016; 1SO Guide
73:2009

Frequency

The frequency of a process over explicit temporal scales
is a measure of variability (the number of events per unit
of time or space). Frequency can be applied to past
events or to potential future events, where it can be
used as a measure of likelihood/probability.

Benedetti-Cecchi,
2003; ISO 31000: 2009

Impact

Measurable and detrimental change to an ecosystem or
ecosystem component as a result of existing human

Judd, 2015; Maxim,
2009; Underwood,
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pressures and activities and the performance of their 1997;1SO

respective management measures. Guide73:2009; 1ISO
31000:2009
Indicator Measurable surrogates of assessment end points. Noss, 1990; Selkoe,
Those should be widely applicable, easy and cost 2015; Halpern, 2008

effective to measure, collect, and calculate. Indicators
should enable continued assessments, allowing
differentiation between natural disturbance and human-
induced pressures.

Pressure Is an event or agent (biological, chemical or physical) Judd, 2015
exerted by one or more human activities to elicit an
effect (that may lead to harm or cause adverse

impacts).
Stressor A type of direct or indirect, human related driver that Selkoe, 2015; US EPA
causes undesired change in an ecosystem to any 1998

physical, chemical, or biological entity that can induce
adverse effects on ecosystems or human health.
Synergistic effect The interaction of two or more agents or actions so that | Garrido, 2011
their combined impact is greater than the sum of their
individual impacts. Also, other impacts are included if
their manners produce new impacts.

Threshold The boundary of a system, which by small changes in Groffman, 2006;
environmental conditions generates rapid responses in | Selkoe, 2015
ecosystem state or functionality, shifting from one
ecological condition to another.

Vulnerability A function of exposure, effect (also termed potential De Lange, 2010
impact, sensitivity), and recovery (also termed resilience
or adaptive capacity).
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