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ABSTRACT

Fisheries and Oceans Canada’s Fisheries Protection Program (FPP) manages the impacts of
habitat degradation or loss of fish productivity through management measures that include
mitigation, restoration, and offsetting. To determine the effectiveness of these management
measures, three levels of standardized monitoring have been recommended: 1) compliance, 2)
functional, and 3) effectiveness monitoring. This report focuses on functional monitoring and
provides a review of functional assessment approaches, methods, and the information needed
to develop a standardized functional monitoring program. Functional monitoring is defined as a
science-based, scaled-down version of effectiveness monitoring that relies on surrogate metrics
to assess whether management measures provide expected conditions suitable for fish to carry
out their life processes. Functional monitoring will use a quantitative approach that employs
quick and easy to measure indicators of fish productivity. It will be applied to projects predicted
to have low and/or well understood impacts. Objectives of a functional monitoring program are
to determine if management measures recommended in the letter of advice, or required by the
Fisheries Act authorization (e.g., mitigation, restoration, offsetting) are functioning as intended
(Table 1). This report is the first step in providing science advice on the approaches, methods,
and information required to develop a standardized functional monitoring program.

We conducted a literature review to gather information about how and where functional
monitoring is conducted, and its key components. Important considerations for designing a
functional monitoring program are identified and discussed in the following sections: 1)
Monitoring Designs, 2) Rapid Assessments, 3) Metrics to Measure Function, and 4)
Standardized Monitoring. Each section describes the benefits and challenges of common
approaches and methods as well as considerations relevant to implementation.

The majority of studies we reviewed used the Reference Condition Approach, while other
monitoring designs, mainly the Before-After-Control-Impact design, were used for longer-term
monitoring of fish productivity or other biotic indicators, not habitat function. Rapid assessments
were used in many of the studies reviewed, but definitions of what constituted a rapid
assessment varied greatly. Clearly defining the level of effort to be invested in a functional
monitoring program will be important in guiding the development of an effective program. We
found functional assessments used a range of indicators, and selection of indicators for
standardized functional monitoring may vary by region, system type, species, and life stage.
There should be national oversight that ensures the results from monitoring projects are
comparable among these organizational levels (e.g., region, system type, species, and life
stage). We outline an example of a checklist approach for assigning indicators to project specific
monitoring protocols, which is based on the FPP’s Pathways of Effects models. This approach
allows for consistent use of indicators for projects where the same pathways of effects have
been identified. Finally, the discussion of standardized functional monitoring programs highlights
the value of such programs, but also the challenges and limitations.

Vii



INTRODUCTION

Fisheries and Oceans Canada’s Fisheries Protection Program (FPP) manages impacts on fish
productivity related to habitat degradation or loss, alterations to fish passage and flow, and
aguatic invasive species (DFO 2018a). For projects that are expected to have impacts on fish
productivity, the FPP administers letters of advice or Fisheries Act authorizations that provide
guidance on how to avoid or mitigate impacts where possible, and requirements for restoration
and offsetting where impacts are unavoidable and cannot be mitigated. The FPP reviews project
results through monitoring to achieve two management monitoring objectives: 1) to ensure
conformity with advice and compliance with the Fisheries Act and Species at Risk Act (i.e., did
the proponent comply with the mitigation and/or compensation plan?); and 2) to evaluate the
effectiveness of management measures (e.g., mitigation, restoration, and offsetting) aimed at
reducing the impacts of projects on fish and fish habitat (i.e., was the habitat protected?) (Lewis
et al. 2013). Monitoring projects provides the FPP with feedback information that can be used to
adaptively manage at both the individual project and program levels.

Successful monitoring programs are based on well-defined questions, a conceptual
understanding of relevant ecological processes and a robust study design that allows for
inferences to be made about ecosystem change (Lindenmayer and Likens 2010) while also
remaining adaptive to new information and questions (Lindenmayer and Likens 2009).
Hierarchical monitoring strategies offer a range of monitoring approaches from simple routine
assessments of compliance to estimates of change to environmental state to more complex
assessments of a project’s biological effectiveness and ecosystem function (Pearson et al.
2005). Importantly, monitoring programs are more likely to succeed if their purpose and
objectives are defined by thoughtful scientifically-based questions (Lindenmayer and Likens
2010).

Hierarchical monitoring frameworks are a common approach for monitoring impacts (Hewitt et
al. 2003) and the effectiveness of compensation activities (e.g., Koning et al. 1998, Schiff et al.
2011, DFO 2012). Once monitoring objectives (e.g., assessing state or detecting change) and
the program’s purpose have been established a hierarchical range of monitoring, strategies,
designs, variables, methods etc. are available to identify an approach that will provide for
efficient diagnostic power (Vos et al. 2000). Projects that are small with well understood impacts
(e.g., installation of a culvert in a stream during road building) do not require a decade of
monitoring to determine their effectiveness. A monitoring program similar to Pearson et al.’s
(2005) routine monitoring may be sufficient to determine that the culvert was correctly installed
and that the culvert is passing fish. Conversely, routine monitoring would not be sufficient for a
project with potentially large impacts that are not well understood (e.g., stream diversion that will
alter habitat for a species at risk). Pearson et al.’s (2005) and Smokorowski et al.’s (2015) have
proposed a more complex effectiveness monitoring approach that has received national
acceptance as a means to provide advice to FPP. However, there remains a need to develop
scientifically defensible monitoring standards to assess biological function when smaller, well-
understood impacts are anticipated.

PURPOSE OF DOCUMENT

The Fisheries Protection Program has requested advice from Science to ensure a more
rigorous and systematic approach to functional monitoring when the FPP conducts monitoring
and/or reviews monitoring results of low impact projects.

In a recent review, DFO (2012) identified three hierarchical levels of monitoring that have been
recommended: 1) compliance, 2) functional, and 3) effectiveness monitoring (Figure 1).




Compliance monitoring is described as an operational monitoring activity used to evaluate
whether the proponent has followed the advice or authorization issued by the FPP (DFO 2012).
It is an audit of the construction standards that generally reflect best management practices
(e.g., was the culvert built to the conditions outlined in the Fisheries Act authorization? Does the
guantity of habitat built match the stated amount in the authorization?). Functional and
effectiveness monitoring approaches are science-based activities that take further steps in
evaluating projects in that their shared management monitoring objective is to determine if
impacts on fish and fish habitat associated with a project have been effectively addressed
through mitigation, restoration, or offsetting. These monitoring programs could be used in a
tiered approach where they represent different starting points for meeting the same
management objective. The order in which the monitoring programs are implemented might
depend on the level of impact and the uncertainty in the outcomes of the management
measures. For example, for projects that require more rigorous investigation (e.g., high impact
and/or uncertain outcomes), effectiveness monitoring may be conducted at the beginning of the
project, then transition to functional monitoring; while other projects that have lower impacts
and/or well-understood outcomes may begin with functional monitoring, but continue with
effectiveness monitoring if the initial results indicate a more in-depth investigation is warranted.




Fisheries Protection Program

The Fisheries Protection Program use the Fisheries and Species

at Risk Acts to determine the requirements of the authorization
letter. The types of impacts on fish habitat and productivity are
determined using the endpoint from FPP's Pathways of Effects

Models.

Fisheries Act Authorizations

Fisheries Act Authorizations outline the measures required to
manage the impacts on fish habitat and fisheries productivity to
ensure there is no habitat degradation or loss to fisheries
productivity

Construction

Oncethe Fisheries Act Authorization is has been administered, construction
can commence and management measures are implemented.

Monitoring

Figure 1. Conceptual diagram for monitoring the compliance and effectiveness of management measures
outlined by authorizations by the Fisheries Protection Program (for illustrative purposes only). Coloured
boxes indicate information or regulatory nodes that are used to inform each step of FPP’s process, from
developing Fisheries Act authorizations and management measures to mitigate project impacts, to
monitoring the compliance and effectiveness of those measures. Workflow moves down the figure.
Monitoring results can provide feedback information at the project and program levels in an adaptive
management framework (dark grey vertical bars). Monitoring may inform the need for additional
management or monitoring measures to be implemented by the proponent (construction stage), as well
as the Fisheries Protection Program, and what management measures are most effective.

Level 1 - Compliance

Operational activity (not science-based). The objective of
compliance monitoring is to assess whether the terms and
conditions prescribed in authorization letters have been
implemented by the proponent.

Level 2 - Functional

Science-based activity, scaled down version of effectiveness
monitoring to assess the effectiveness of management
activities. The program objectives of functional monitoring are
to determine if management measures recommended in the
letter of advice or conditions outlined in the Fisheries Act
authorization are functioning as intended.

Level 3 - Effectiveness

Science-based activity to assess the effectiveness of
management activities. The objective of effectiveness
monitoring is to demonstrate by field measurements that the
management measures achieved the ecological milestones as
setout in the terms of the Fisheries Act authorization

Based on the questions and hypotheses that will be answered by monitoring, the sequence of
scientific decisions will determine the monitoring approach required. These decisions will
determine the most suitable monitoring design, data collection methods, as well as the analyses
and interpretation of data. These are necessary considerations because the program objectives
will differ between functional and effectiveness monitoring, specifically with regards to how they




measure the effectiveness of management measures (Table 1). Functional monitoring may be a
science-based, scaled-down version of effectiveness monitoring that relies on surrogate metrics
to assess whether management measures provide expected conditions suitable for fish to carry
out their life processes. The program objectives of functional monitoring are to determine if
management measures recommended in the letter of advice or conditions outlined in the
Fisheries Act authorization (e.g., mitigation, restoration, or offsetting) are functioning as
intended (Table 1). Specifically, with a Fisheries Act authorization, an applicant is required to
offset for habitat losses through restoration/enhancement, habitat creation, biological/chemical
manipulations, and/or complementary measures. Monitoring of these authorization conditions to
provide assurance that mitigation, restoration, and offsetting objectives were met, with regards
to habitat function if not fully assessed via quantifying productivity, will be an important
component of a functional monitoring program. In addition, where physical habitat is enhanced,
restored, or created, quantifying the amount of functioning habitat before and after construction
will be an important success criteria (Harper and Quigley 2005). Functional monitoring could
employ rapid (e.g., < 0.5 days for two people to conduct the field sampling and < 0.5 days for
two people for data management, analysis, and reporting; travel time not included) assessment
techniques, using indicators of fish productivity (e.g., physical habitat measures, biological
indicators) measured over the short-term (e.g., 1-3 years, but ultimate duration will depend on
whether management objectives are met), and should provide measures of change in habitat
function (Table 1). Rapid assessment could also be multiple, short site visits to install and
remove data loggers, for example. Timelines for functional monitoring should be project-specific
and may vary in the duration and start time; although, when possible, monitoring should take
place before construction begins. Functional monitoring is not designed to determine losses or
gains in fish productivity due to management actions, which is the main objective of
effectiveness monitoring.

Effectiveness monitoring is defined as a scientifically defensible monitoring program that directly
assesses the key metric (or indicator) of interest, and which must include the assessment of
productive capacity (or surrogate) of the habitat compensation (DFO 2012). The program
objective of effectiveness monitoring is to demonstrate that the management measures
achieved the ecological milestones as set out in the terms of the Fisheries Act authorization
(Table 1); milestones will be productivity-based and will in many cases be that there has been
‘no net loss’ of the productive capacity of the fish habitat (DFO 2012). It will be a research-
based monitoring program where potentially a multi-year Before-After-Control-Impact (BACI)
design will be used to evaluate the effectiveness of management measures (Pearson et al.
2005, Smokorowski et al. 2015). Measurements are often quantitative and directly linked to fish
productivity (e.g., recruits-per-spawner, fish density, fish growth, fecundity). Effectiveness
monitoring was the focus of a previous CSAS report (DFO 2012), while this report will focus on
functional monitoring.




Table 1. Comparison of compliance, functional, and effectiveness monitoring program attributes based on

the framework of DFO (2012).

Attribute Compliance Functional Effectiveness
Monitoring Monitoring Monitoring

Program Monitoring Determine if the  Determine if Determine if the

Objectives proponent management management
executed the measures are measures achieved
work as functioning as the ecological

Response type

Recommended Design

Application

described in the
letter of advice or
Fisheries Act
authorization

No response

No design, audit
of construction
activities

All projects

intended (e.g., if there
has been a net
change in the quantity
of habitat, and if there
has been a change in
habitat function)

Indicator linked to fish
productivity (e.g.,
quantity of suitable
substrate for
spawning)
Project-specific based
on the questions
monitoring will inform
Impact is small and/or
well understood (e.g.,
road crossings,
culverts)

milestones as set out
in the terms of the
Fisheries Act
authorization (e.g.,
there has been a
change in fish
productivity)

Direct measure of fish
productivity (e.g., fish
density, abundance,
biomass, growth,
maturity)

Multi-year BACI

Impact is large and/or
complex and or has
high uncertainty (e.g.,
gravel extraction)

Although both are quantitative approaches, functional monitoring would be a scaled-down
version of effectiveness monitoring. Components that can be scaled-down are: 1) the
complexity of the indicator, 2) the effort per survey, possibly by employing rapid assessment
techniques, and 3) temporal and spatial replication, by reducing the number of control sites,
years of monitoring, and the number of samples within a site.

The application of functional monitoring will be determined by the questions being addressed by
the monitoring, and therefore there may be differences in the recommended design and
indicators used in each application. We present hypothetical examples and possible monitoring
details to highlight different applications of functional monitoring below and in Table 2.

Functional monitoring of habitat mitigation

Example: The placement of a culvert to mitigate the building of roads across streams and
maintain an upstream and downstream migration corridor for multiple species and life stages of
fish (Table 2). At a project level, the impacts of building roads on stream connectivity are
relatively small and well documented compared to construction of dams or weirs (Ogren and
Huckins 2015), making it suitable for functional monitoring. The specific objectives of functional
monitoring for this project would be to determine if the culvert that was constructed matched or
exceeded the specifications of the design and to determine if the culvert provides upstream and
downstream passage to all fish species. For this example, a monitoring design that evaluated
the connectivity of the habitat before and after construction would provide useful comparisons.
Ideally, this would include sites located upstream and downstream that are sampled before and




after construction. The challenge with monitoring culverts only immediately after their
construction is that they tend to degrade over time; therefore, a staggered approach to
monitoring (e.g., year 1 for compliance plus function and then five years after construction for
function) may be the most effective approach. In many cases, data collected before construction
are not available. In these cases, the indicator values measured after construction could be
compared to species-specific benchmarks. Indicators could represent the physical habitat
parameters that are related to passage requirements of each fish species (e.g., water velocity,
water depth, gradient). It would be important to collect information about changes in presence of
species either by comparing their presence before and after construction in the upstream site, or
in the upstream and downstream reaches after construction. Sampling effort could be reduced
by targeting key species (e.g., species with poor swimming performance), and/or sampling for
presence/absence using a relative catch-based statistic (e.g., relative species-specific CPUE).

Functional monitoring of habitat restoration

Example: The transplantation of macrophytes (e.g., seagrass beds) in an estuary that was
impacted by excessive sedimentation from channel dredging to restore nursery habitat function
for salmonids (Table 2). Transplanting macrophytes is a common technique for restoring
impacted macrophyte habitat that generally has well-known outcomes (Neto et al. 2013). The
specific objectives of functional monitoring for this project would be to determine if the areal
extent of the macrophyte habitat matched or exceeded the habitat before construction, as well
as to determine if the habitat is suitable as a nursery habitat for fish. For this project, multiple
monitoring designs could be used, including assessing the macrophyte habitat before and after
construction; comparing the restored site to nearby reference sites in a desirable state (e.g.,
pristine, least-impacted), if available; or comparing the restoration site before and after, and to
nearby control sites. Indicators could include the area of habitat restored, percentage cover of
macrophyte, and density of macrophyte shoots.

Functional monitoring of habitat offset

Example: The addition of off-channel spawning habitat for salmonids to compensate for a
channel diversion that led to loss of the same type of habitat (Table 2). The creation of off-
channel habitat has been used in many locations throughout British Columbia to compensate for
lost or degraded habitat (Pearson et al. 2005). The specific objectives of functional monitoring
for this project would be to determine if the newly created habitat matched or exceeded the
specifications of the design, and to determine if the habitat is suitable for spawning salmonids.
For this example, a monitoring design that compares the habitat characteristics at the impacted
site before construction to the newly created habitat, and to the impacted site after construction
would provide useful comparisons. Favourable comparisons would suggest that the new habitat
would support the fish productivity of the lost habitat. The newly constructed habitat could also
be compared to nearby control sites in a desirable state (e.g., pristine, least-impacted), if
available. Species-specific benchmarks of key spawning habitat parameters could be used to
determine if the habitat is functional. Ideally, indicators would represent the physical habitat
parameters that are related to spawning requirements of salmonids (e.g., substrate composition,
cover, water velocity, water depth, oxygen, and temperature).




Table 2. Examples of when and how functional monitoring could be used to evaluate the success of
mitigation, restoration, and offsetting measures.

Management Habitat Project Monitoring Design Indicators
Measure Function Monitoring Measured
Objectives
Mitigation — Passage for Compliance - Upstream and Presence of
installation of  multiple Determine if the downstream poor
a culvert to species of constructed assessments before and  swimmers
mitigate for juvenile and  specifications met after construction (e.g., upstream,
impacts on adult fish or exceeded the Before-After-Control- physical
fish passage design Impact design) where the habitat
due to road specifications; assessment after characteristics
building. Function — does construction is staggered (e.g., gradient,
the culvert (e.g., 1 and 5 years); No  water velocity
provide upstream before data — use (m/s), water
and downstream  species-specific depth (m)).
passage? benchmarks to
determine if physical
habitat was limiting
movement.
Restoration —  Nursery Compliance - Before and after Area (m?) of
planting of habitat for Determine if the construction restored
macrophytes  fishes required area and assessments (e.g., habitat, shoot
to restore density of Before-After design); density of
habitat macrophytes was Compare restored site macrophytes
impacted from restored,; characteristics to another  (shoots/m?), %
dredging in an Function — does site in a desirable state macrophyte
estuary the restored (e.g., Reference area.
macrophyte area  Condition Approach
provide cover and design); Compare
food for fish? restored site
characteristics to the
control site, both before
and after construction
(e.g., Before-After-
Control-Impact design)
Offsetting — Spawning Compliance - Before and after Area (m?) of
creation of off- habitat for Determine if the construction offset habitat,
channel salmonids required area was assessments (e.g., substrate
stream habitat constructed; Before-After design); composition,
Function — does Compare offset site % undercut
the habitat characteristics to another banks, %
provide cover and site in a desirable state pools, oxygen,
appropriate (e.g., Reference temperature,
spawning Condition Approach water velocity

substrate for adult
salmon?

design); Species-specific
benchmarks used to

(m/s), water
depth (m).




Management Habitat Project Monitoring Design Indicators
Measure Function Monitoring Measured
Objectives

determine if physical
habitat was within the
requirements for
spawning.

Objectives

The objectives of this document are to present a review of monitoring designs, methods, and
the types of information required for the development of a functional monitoring program. This
review aims to address the following objectives:

1. Determine the recommended monitoring designs and methods for functional monitoring
approaches based on monitoring objectives (e.g., rapid assessment techniques/select
surrogates or indicators) to assess mitigation, offsetting, and restoration measures that are
designed to reduce impacts to fish and fish habitat.

2. lIdentify information and analyses needed to support a science-based functional assessment
of mitigation, offsetting, and restoration measures.

3. Determine the feasibility of gathering functional monitoring data using a checklist-style
approach that can be applied consistently among project types and stages of construction
(i.e., for each project type, a checklist of specific information to collect, with proponent-led
monitoring and/or site visit during construction monitoring, and post-construction monitoring
that can be applied in a consistent manner by FPP biologists).

4. If a checklist-style approach is considered feasible for various project types and stages of
construction, identify the recommended fields.

To achieve these objectives, we provide a broad discussion about important considerations for
designing a functional monitoring program, which is followed by a series of recommendations.
We first present the concept of monitoring effort and the value of information. Introducing this
concept provides a foundation for determining a reasonable amount of effort (effort per survey)
that should be invested into a functional monitoring program. This is important to determine prior
to the review because it provides context for our recommendations with regards to effort. While
the level of effort we assume (presented in the sections below) may change between now and
the implementation of this program, an introduction to these concepts will help guide the FPP in
determining the appropriate levels. Next, we conducted a literature review to determine the state
of functional monitoring programs employed around the world. We use the information gleaned
from the review to summarize and discuss the monitoring designs, rapid assessments,
analyses, and methods found for measuring habitat function. Finally, we discuss important
considerations for developing a standardized, checklist-style functional monitoring program for
aqguatic habitats in Canada.

MONITORING EFFORT AND THE VALUE OF INFORMATION

Researchers are often faced with the difficult decision of how much effort to invest in a
monitoring program. This is a primary consideration of any monitoring program and should be
driven by monitoring objectives. The cost of acquiring the information can also be used to inform
effort once the monitoring objectives have been met. We define effort as the amount of time and
money to design, survey, analyze, and report on a science-based monitoring program. The level




of monitoring effort is determined by the design of the program, including the type of comparator
(e.g., Reference Condition Approach or BACI design), how many sites, how many times each
site is visited within and among years, the number of indicators collected, the level of sample
processing, type of analyses, repository of data, and type and extent of reporting. Beyond cost,
for a well-designed program, effort also directly influences the reliability of information gained
from monitoring through the inference drawn from the data collected and the certainty of
management decisions based on that inference.

Figure 1 highlights the trade-off between the cost and benefits of acquiring information, which
defines the value of information for a given effort. Costs are defined as the financial costs of
acquiring information through monitoring, and the benefit is the certainty with which
management decisions are made. If managers can identify reference points for the minimum
and maximum amount of certainty that is required to make management decisions (effort driven
by monitoring/management objectives), they can then be used to identify the minimum and
maximum amount of monitoring effort to achieve management objectives. The value of
information is defined as the difference between the cost and benefit for a given level of
monitoring effort. The value of information can be used to identify reference points for the
minimum, optimal, and maximum monitoring effort when costs are considered (effort driven by
costs). The shape of these relationships will vary among monitoring designs; thus, the reference
points can be used to compare the value of information derived from different monitoring
scenarios. We expand on these concepts below.

This framework can be used to identify the level of monitoring effort required to meet a range of
objectives: 1) the minimum amount of monitoring effort necessary for the benefit of monitoring to
be justified by the cost; 2) the amount of monitoring effort that optimizes the cost-benefit ratio
(i.e. the most efficient amount of effort); 3) the maximum amount of effort that can be justified by
the cost; 4) the minimum amount of effort required to make a management decision; and 5) the
maximum amount of monitoring effort, where no further information will alter the management
decision.

Minimum effort and diminishing returns on the value of information

There are lower and upper bounds to the level of monitoring effort required for making good
management decisions. For example, there is a minimum level of information that is required for
the information to be useful in achieving the monitoring objectives. This could be thought of as
the minimum monitoring effort. Visiting a field site and taking one measurement is unlikely to
yield useful information. At the other end of the spectrum, there is a theoretical maximum
amount of effort that should be invested into a monitoring program, and after that point minimal
further value (i.e., information) can be gained. In the context of decision making, the minimum
effective effort could be thought of as the amount of information required to influence the
decision of a manager, while the maximum effective effort is the amount of information at which
further data collection would not change the decision or reduce uncertainty. If a cost-effective
program was an objective, the value of information (VOI = benefit — cost) could also be used in
identifying the minimum, optimum, and maximum monitoring effort. For example, there is a
minimum level of effort required for the value of the information collected to justify the cost (e.g.,
VOI > 0). The optimum identifies the most cost-effective level of effort. At the other end of the
spectrum, there is a theoretical maximum amount of effort that should be invested into a
monitoring program, and after that point no further value (i.e., information) can be justified
against the acquisition cost (e.g., VOI < 0). The minimum and maximum cost-effective effort
should only be considered if that level of effort is within the range of effort required for making
good management decisions. Taken together, these points suggest there is a window of effort
that is effective for making decisions and within that window, an optimal effort that is the most




cost-effective (Figure 1A). While these are theoretical bounds on effort as it relates to meeting
monitoring objectives, they serve a practical purpose to help guide program biologists when
considering how much effort to invest in monitoring.
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Figure 2. A) The relationships between effort and the cost of acquiring information (light blue line), and
the effectiveness of using the information (certainty of management decisions) (dark blue line). B) The
relationship between effort and the value of information. The difference between the cost and
effectiveness represents the value of information, which is the Ecg min, E ce opt, E ce max @nd represents the
minimum, optimal, and maximum cost-effective monitoring effort, respectively. E nin is the minimum effort
required to make a management decision. When monitoring effort is too low (Effort < Emin & Ece min), there
is no value of the information gathered. As effort increases past the optimal point, eventually there are
diminishing returns on the value of information (Effort > Ece opt) to the point where the gain in
effectiveness is no longer justified by the costs. Between these bounds is a window of cost-effective
monitoring effort. Theoretical representations of the effort-information trade-off such as this need to be
placed in the appropriate context of how inference will be drawn about impacts on habitat or how the
information will be used to make decisions.




Figure 2 assumes that the amount of information collected and the value of that information for
making management decisions are proportional. For this assumption to be valid, the monitoring
objectives must be clearly defined, matched by data collection at the appropriate scales, and
relevant to the management decisions that will ultimately be made based on the inference
drawn from the data. Matching data collection to monitoring and management objectives is
crucial for the success of any monitoring program and should be paramount during program
development.

LITERATURE REVIEW

We conducted a literature review of aquatic functional assessment to collect information that
can be applied to the development of a functional monitoring program in Canada. We focused
on the global use of functional monitoring approaches, assessment methods used, and the
effectiveness of those monitoring programs. The following factors were considered in our
review.

Monitoring design: Functional assessments are applied using a range of monitoring designs
(Figure 3). Most existing monitoring approaches use one of the five designs shown in Figure 3.
These are:

1. Before-After-Control-Impact (BACI) - Best practice for determining the function or
effectiveness of an intervention (mitigation, restoration, and offsetting) is a BACI design
(Green 1979, Stewart-Oaten et al. 1986, Underwood 1991, 1994, Stewart-Oaten and Bence
2001). At minimum, this design compares an altered site to a control site before and after
the habitat has been altered (e.g., restoration or impact) (Figure 3A, B). Typically, data are
collected for multiple control sites and multiple years before and after the alteration. While
this study design is considered the most scientifically defensible, the effort associated with
this level of data collection may be impractical for many functional monitoring projects.

2. Control-Impact (Cl) — The CI design is similar to the BACI design, but only uses spatial
controls to compare to an altered site (Figure 3C, D). Data are collected after the change in
habitat. The most rigorous application of this design would include multiple control sites.
Control sites can be reaches or areas within the same system (e.g., stream, estuary
shoreline), or can be from nearby systems that represent similar conditions.

3. Before-After (BA) — The BA design is similar to the full BACI design, but only uses temporal
controls to compare to an altered site (Figure 3E, F) (Underwood 1991). Data are collected
before and after the change in habitat. The most rigorous application of this design would
include multiple years of sampling before and after the habitat change.

4. Reference Condition Approach (RCA) — The RCA compares an altered site to a set of
conditions defined by multiple reference sites that represent some desirable state (e.g.,
undisturbed, pristine, or not-impaired) (Figure 3G, H) (Stoddard et al. 2006). Reference sites
are often selected to match hydrogeomorphological characteristics of the altered site that
are often resilient to change by human activities. This reduces the potential for natural
variation to be the driver of any observed differences (Barbour 1998, Perrin et al. 2007).
Reference conditions and comparisons between reference and altered sites are made using
multivariate analyses. Data are collected after the change in habitat at the test site;
reference site data can be collected before or after changes to the altered site habitat. The
most rigorous application of this design would include multiple reference sites. Often the
number of reference sites is much greater than the number of controls present in a BACI, Cl,
or BA design.




5. Normal Range Approach (NRA) — The NRA is similar to the reference condition approach,
but uses conventional statistical procedures to compare test sites to the normal ranges of
data (i.e., reference conditions). The status of a test site can be based on whether the site
values are outside the normal range or based on pre-defined benchmarks derived from
various sources (e.g., models, experiments, data distributions). The normal range approach
is flexible in that it can incorporate the spatial and temporal aspects of other monitoring
designs (e.g., BA, CIl, BACI, or RCA).
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Figure 3. First column (A, C, E, G, I) shows the spatial organization of sites for five commonly used
monitoring designs in a network of streams. Transparent grey areas represent altered sites and the black
boxes represent the control (A, C, E) or reference sites (G, I). The second column (B, D, F, H, J) shows
hypothetical data and how comparisons are made between control and altered sites, and/or sampling
periods. Grey points represent altered sites/samples and black points are the control sites/samples, open
points represent samples taken before the habitat alteration and closed points represent samples taken
after the habitat alteration. The light grey squares represent the distribution of values observed in
reference sites.




The level of spatial and temporal replication varies among different monitoring designs. Best
practices would consider a priori the spatial and temporal variability in the data being collected
and the potential effect size of the impact when designing the study. For example,
measurements that are temporally stable are favoured over others that vary seasonally,
especially when timing of data collection cannot be controlled.

Rapid Assessments: Rapid data collection is a key component of functional monitoring.
Assessments that can be conducted quickly will allow for more sites to be monitored. There are
several definitions of “rapid” assessments, complicating the use of the term. Definitions vary in
the amount of time and the assessment components that are included (e.g., planning, data
collection, laboratory analysis, data management, reporting). Many of the rapid assessment
protocols use biotic indicators where only the field data collection component of the assessment
is rapid.

Indicators: Functional monitoring will measure habitat indicators (indirect measures) of fish
productivity to determine if the habitat is functioning properly. These measures are expressed
through a range of metrics that are designed to capture different habitat functions. Measures for
functional monitoring need to be: 1) sensitive to environmental change, 2) exhibit low natural
temporal and spatial variability, and 3) quick to measure, process in the lab, and/or analyze (i.e.,
rapid) (Rice 2003). There is no one metric or suite of metrics that fit all monitoring scenarios,
thus variability in metric performance should be tested during the development or early stages
of the monitoring program to ensure the protocols will provide sufficient information for detecting
a change when change has occurred, or no change when it has not.

Standardized monitoring: Agencies throughout the world use standardized monitoring
programs to evaluate the function of the aquatic ecosystems (Appendix A). For example,
standardized protocols for collecting and analyzing benthic macroinvertebrates in streams and
lakes are used in Canada, USA, Australia, and the UK. These are large-scale programs applied
regionally, often designed to measure ecosystem health. The USEPA has developed a rapid
bioassessment protocol, quantifying metrics such as physical habitat (e.g., substrate, riparian
vegetation disturbance, and cover for fish), macroinvertebrate and fish assemblages (e.g.,
diversity metrics), to assess the health of wadeable streams throughout the USA (Barbour
1998). While we did not find any global assessments of performance of large-scale monitoring
programs, there are regional assessments that provide valuable insight into how well they
perform. Existing standardized protocols have been adopted by several other countries, and
there continues to be development of these monitoring programs, further advancing the field of
standardized aquatic monitoring (e.g., Bailey et al. 2014). Some benefits of standardization of
monitoring programs are protocols to ensure metrics are measured correctly, consistency in
indicators measured and data entry, determining the appropriate analyses prior to data
collection, and clear reporting of results. They can also provide broader benefits to the science
around mitigation, restoration, and offsetting activities through meta-analysis of program results
that evaluate the effectiveness of different management actions. Meta-analysis is a powerful
analytical approach that can be used to determine the overall effects of a given management
measure by assessing the effects observed in multiple individual projects (Arngvist and Wooster
1995).

The literature review examines functional monitoring approaches for both freshwater and marine
habitats. The review focuses on higher-level monitoring concepts (e.g., monitoring design,
metrics for monitoring function, and considerations for standardized monitoring) that are
transferable between ecosystems and among system types. Examples of potential indicators by
habitat type are provided, but the review does not provide recommendations for specific
indicators or metrics that should be measured. Indicators are likely to be ecosystem- and
system-specific. We discuss metric characteristics and what might constitute a better class of




metrics for functional monitoring, and provide some examples. Important differences between
marine and freshwater ecosystems (e.g., estuary and marine coastal vs. streams, rivers, and
lakes) with regards to functional monitoring and metrics selected will be highlighted, where they
exist.

REVIEW METHODS

We conducted a literature review to determine the state of knowledge on functional
assessments for evaluating aquatic habitat function. We followed key components and
principals of a systematic review (Evidence Collaboration for Environmental 2018), but limited
documentation steps to reduce the amount of time required to complete the review. We followed
four steps that included: 1) developing a list of search terms and Boolean operators, 2)
searching literature databases using the final search term list, 3) inclusion criteria for
determining if studies would be included for further evaluation, and 4) extracting data. We
extracted data from studies to summarize where functional assessments are conducted, what
monitoring designs are used, the types of data collected, if they use a standardized protocol, the
level of replication, and whether or not they were rapid. Although we did not include reviews,
methods, or protocol papers in our formal assessment, relevant papers within these categories
were reviewed and considered during the writing of the report.

Search Terms

The base list of search terms was developed through consultation with the steering group and
review of systematic protocols on similar topics. The final list of search terms was developed
through an iterative process where the inclusion and exclusion of terms and Boolean operators
were tested (Table 3). Results from each set of search terms were examined by identifying if the
search results included key papers identified a priori or during the searches, and the number of
results generated. If changes to the search term list resulted in the loss of key papers, the list
would revert back to the previous version. Similarly, if results for a set of search terms was too
high (i.e., > 10 000), we reverted back to the previous list.

The final list of search terms was placed in four broad categories: 1) study objective — what is
the key focus of the paper (e.g., identifying indicators, or examining fish or invertebrate habitat);
2) habitat/population — habitat needed to be aquatic; 3) intervention — what type of intervention
was involved; and 4) Assessment — how was the mitigation activity or habitat assessed.

Table 3. Terms and Boolean operators used to search Web of Science and Scopus literature databases.

(Fish* OR Invertebrate* OR Index OR Indices OR Indicator* OR
Surrogate OR Proxy)

AND

(Habitat* OR Marine OR "Fresh water" OR Freshwater OR
Aquatic * OR Stream* OR River* OR Wetland* OR Marsh* OR
Lake* OR Estuary* OR Reef* Or “Near Shore” OR “In Shore”
OR Coast*)

AND

(Mitigat* OR Offset* OR Restor* OR "No-Net-Loss" OR
Stressor*)

AND

Study objective

Habitat/population

Intervention
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(Checklist OR “Habitat assessment” OR “Rapid Assessment”
OR "Visual Assessment" OR “Functional Monitoring” OR “Offset
Monitoring” OR “Restoration Monitoring” OR “Effectiveness
Monitoring” OR Effectiveness OR "Biological Function*" OR

Assessment "Ecological Function*" OR "Before-After" OR BA OR "Before-
After-Control-Impact” OR BACI OR "Before-After-Impact-
Control-Paired" OR BACIP OR "After-Control-Impact" OR ACI
OR "Reference Condition*")

Search terms were used to search several literature databases. Our main search focused on
Web of Science and Scopus (Figure 4), as these are the primary science-based databases of
peer-reviewed literature. Secondary searches focused on provincial and federal government
sites. We searched nine federal and provincial databases using eight common search terms, as
these websites did not allow the use of a large multi-faceted search string.
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Figure 4. Literature review work flow, number of search results, and screening results from peer-reviewed
literature (Web of Science and Scopus) and government websites and databases. All peer-reviewed
results were screened, however, due to the large number of results and low relevance of most papers
found on government websites and databases, we limited the number of results reviewed through setting
page and number limitations. The reduced search term list was used because most websites did not
allow multi-faceted search strings. The reduced search term list included: Aquatic Rapid Assessment
Method, Marine “Rapid Assessment” Monitoring, Rapid Bioassessment Protocol, Near Shore Monitoring,
Marine “Habitat Assessment”, Rapid Assessment Protocol, Estuary Monitoring, and Rapid Lake
Assessment. Urls for all the websites and databases can be found in Appendix C.

Each paper was first screened at the title and abstract level for relevance to our topic (Figure 4).
Papers that met the inclusion criteria (Appendix B) were then downloaded and imported into the
reference manager software Mendeley for review at the full text level. Briefly, papers were
included if they were about aquatic habitat used by fish for spawning, rearing, foraging, or
migration. Papers also must have evaluated a human-related stressor, or a habitat-related
management action (e.g., mitigation, restoration, or offsetting). Furthermore, they needed to
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have used rapid assessment techniques or short-term monitoring. This criterion was used to
avoid overlap with long-term effectiveness monitoring. All papers that met the above criteria
were categorized as standard papers and included in the analytical component of the review.
Studies that did not meet the criteria but provided useful information on the topic were
categorized as reviews, methods, or as protocols. The inclusion criteria were applied at the title
and abstract level, but if the information needed to assess the paper at that level was not
available, papers were put into a category for further review at the full text level. All papers that
were screened in or flagged for further review during the title and abstract review were then
screened at the full text level using the same criteria. The reviewers used their discretion when
reviewing a paper that may not have fit all the inclusion criteria but would make a valuable
contribution to the review. We also included papers that were identified during targeted
searches or exploration based on references or papers sent to us from colleagues.

DATA EXTRACTION AND SUMMARY

To capture how and where functional assessments were used, we extracted and summarized
data from the standard papers. This included numerous fields about where the research was
conducted, the type of ecosystem and habitat, the research topic, the monitoring design used,
the level of replication, and whether or not the assessment methods were rapid. Rapid
assessment was defined as an assessment that requires < 1 day to complete the monitoring
(e.g., < 0.5 days for two people to conduct the field sampling and < 0.5 for two people for data
management, analysis, and reporting); travel time is not considered in this definition. The data
for standard papers were collected in an Excel spreadsheet (Appendix A) along with the meta-
data for each field. We extracted and reviewed 219 papers at the full text level, and placed each
paper into one of four classifications: 1) standard research, 2) methods, 3) protocols, and 4)
reviews. Only the standard research papers met our inclusion criteria and were included in our
summary results. We present simple summaries of the data by highlighting important
components of the dataset and commonly used methods or approaches. These results are
presented in the discussion of each of the main topics. In addition to simple summary statistics,
the literature review provided maost of the discussion points and references presented in the
following sections.

MONITORING DESIGNS

From our review, we found there is a range of monitoring designs used in environmental impact
assessments and assessments of the effectiveness of restoration or offsetting habitat.
Approaches can be grouped into four main categories, as previously described: 1) Before-After-
Control-Impact, 2) Before-After, 3) Control-Impact), 4) Reference Condition Approach, and 5)
Normal Range Approach (Figure 2 and Table 4). These categories represented 72% of the
studies reviewed. While there are other monitoring designs that could be used, such as trend-
by-time analysis (Wiens Parker 1995) and iterative normal ranges (Arciszewski et al. 2017),
they often require long time series of data and are therefore less relevant to functional
monitoring, which will focus on shorter time periods of data collection that may not be
continuous (DFO 2012).

All monitoring designs have benefits and limitations (Munkittrick 2009). In this section, we
summarize the most common monitoring designs found in our review. The design is introduced,
benefits and challenges are outlined, and the types of analyses are discussed, along with the
level of effort required for implementation. Notably, the majority of examples focus on
freshwater, due to the lack of marine-focused standardized assessment protocols that came up
during our literature searches.
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Table 4. Monitoring designs commonly used in the assessments of habitat alteration (e.g., impacts, habitat mitigation, restoration, and offsetting.)
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Design Replication | Scope Benefits Challenges | Effort Applicable Considerations
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BACI, BA, CI DESIGNS

A well designed Before-After-Control-Impact study is considered the gold standard for
assessing environmental impacts or habitat alterations (Stewart-Oaten et al. 1986, Underwood
1991, 1994, Smokorowski and Randall 2017). However, we found that the BACI monitoring
design is typically applied to long-term research projects that would be used in effectiveness
monitoring. For example, only 13% (10/77) of the studies reviewed evaluated a BACI design.
Before-After and Control-Impact designs were also not well represented in the literature,
consisting of only 5% (4/77) and 9% (7/77) of the studies we reviewed, respectively.

The strengths of the BACI design are that it controls for spatial (Control-Impact) and temporal
(Before-After) variation, and their interaction. For a site to be deemed altered there must be a
change in the habitat from before to after the construction, and that change must be different
than what is observed in the control site. It is this interaction that is central to the strength of the
BACI design (Figure 5).
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Figure 5. Hypothetical results from a BACI design applied to a restoration project, where squares
represent control sites, circles represent altered sites, open symbols represent before, and closed
symbols represent after construction. A) Shows a significant interaction between space and time, where a
difference is observed in a habitat indicator between before and after construction in the altered site but
no difference is observed between before and after at the control site. This result suggests that the
change in habitat was related to the restoration. The same conclusions would have been made had the
design only considered the before and after or the control and impact. B) Shows no significant differences
among space or time. The same conclusions would have been made had the design only considered the
before and after or the control and impact (i.e., restored site). C) Shows a significant effect of time but not
space. This means that differences in the habitat indicator values were observed before and after
construction at both sites suggesting that the change in habitat was not related to the restoration. The
same conclusion would have been reached if a control-impact design was used, but a different conclusion
(an effect of restoration) would have been reached if a before-after design was used. D) Shows a
significant effect of space but not time. This means that differences in the habitat indicator were observed
between the restored and control sites both before and after construction, suggesting that there was no
change in habitat and that differences between sites existed before construction. The same conclusion
would have been reached if a before-impact design was used, but a different conclusion, which would
have supported an effect of the restoration, would have been reached if a control-impact design was
used.

The BACI design is an intensive study design. For instance, we found that, on average, the ratio
of the number of control sites to impact sites was 1.5 for BACI and CI designs, compared to 0.6
for studies that used the reference condition approach. While the level of rigor associated with a
BACI design is appropriate for the assessment of projects that are expected to have a large
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impact (Smokorowski et al. 2015), it may not be the most cost-effective approach for smaller-
scale projects expected to have a low impact, or when the impact is well understood (e.g.,
culvert placement, or small-scale restoration projects). It was estimated that the lab costs for
enumeration of benthic macroinvertebrates and associated habitat measurements in a small
impacted stream in British Columbia using the reference condition approach (see below) would
cost $625, while the additional samples required when using a BACI design would cost more
than $4000 (Perrin et al. 2007). However, this comparison ignores the additional costs of
developing and maintaining the reference sites used to derive the reference condition for the
RCA.

Before-After and Control-Impact designs are variants of the BACI and are often considered
inferior because they fail to account for temporal (Before-After) and spatial (Control-Impact)
variability that might lead to observing a change when it is not present (Type | error) or not
observing a change when it is present (low power) (Figure 5). However, this assumes that a
BACI is well designed, with control systems that exhibit correlated dynamics with the altered
site; these assumptions are often not met. When controls are not correlated with the altered site,
a Before-After design may be more powerful because the uncorrelated dynamics can lead to
unexplained variability (Bradford et al. 2005). These study designs may be more appropriate for
functional monitoring because they are logistically simpler to conduct and may be the only
option if the appropriate controls do not exist (Before-After) or if pre-construction data are not
available (Control-Impact).

Analyses for estimating impacts on habitat using BACI, BA, and CI designs are relatively simple.
The main approach is to conduct a two-way analysis of variance (ANOVA) that includes the
main effects of time (before and after the impact) and space (impact vs. the control site), as well
as an interaction between time and space. The main effect of time indicates a difference
between before and after (Figure 5B), and the main effect of space indicates a difference
between the control and altered site (Figure 5C). However, the key parameter is the interaction
between site and year, which indicates the altered site changed over time, while the control site
did not (Figure 5A). For BA or Cl designs the key parameters are simply the main effects of time
or space, respectively. Significance of parameter estimates are often determined using
significance (i.e., alpha) values of < 0.05; however, although this is ubiquitous in classic
hypothesis testing, it is an arbitrary value that may not be appropriate for all monitoring
programs (Mudge et al. 2012, Bradford et al. 2017). For unbalanced designs, alternative
approaches (e.g., Restricted Maximum Likelihood) can be used to account for the differences in
the number of years before and after the impact (Robinson 1987).

An alternative approach is to calculate the difference in the values between the control and
altered sites and then conduct a two-factor test (between before and after). A significant
parameter will indicate that the control and altered sites changed differently from before the
impact to after. Smokorowski and Randall (2017) compared the results of their data using the
two-way ANOVA, and difference between control and impact using the t-test. The t-tests
indicated differences in invertebrate communities before and after the changes in flow, but no
differences were indicated by the two-way ANOVA. Regardless of the statistical approach, it is
important to note that classic hypothesis testing may not be the most appropriate way to
statistically evaluate change in habitat function (Munkittrick 2009, Mudge et al. 2012) (see
Considerations For All Designs section).

REFERENCE CONDITIONS AND BENCHMARKS

Reference conditions and benchmarks provide values that represent an expected condition
(often from sites where significant human disturbance is absent or that are minimally disturbed)
that can be used to make assessments of the ecological status of an altered site (Stoddard et
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al. 2006). These values are often derived from a distribution of values measured at reference
sites but may also be derived from experiments or models. General approaches that apply the
concept of reference conditions and benchmarks are the Reference Condition Approach (RCA)
and 2) the Normal Range Approach (NRA). Biological and physical data can be used with either
approach; however, the Reference Condition Approach is generally used with biological
assemblage data, in particular benthic macroinvertebrates, whereas the Normal Range
Approach is used with simpler biological and physical indicators. The main difference between
the two approaches is in the analytical framework used to determine the reference condition or
benchmarks. While there are other approaches that use the concept of reference conditions
(Hawkins et al. 2010), we highlight the most commonly used approaches.

Reference Condition Approach

The Reference Condition Approach is one of the most widely used monitoring designs for
environmental monitoring and was the most common monitoring design, used in 48% (33/77) of
the studies reviewed. This monitoring design is applied at the national level for many countries
and unions, including Canada, the United States, Australia, New Zealand, and the European
Union (Appendix A), and can be used with both physical habitat and biological assemblage
data. This monitoring design compares sites that have undergone habitat alterations (e.g.,
positive change — restoration; negative change — impacts from industry) to reference conditions.
Reference conditions can be developed by measuring reference sites in pristine, or the least-
impacted, condition.

Reference sites are typically monitored within a region and represent a broad range of site
conditions from which categories related to impairment or function (Figure 6) are determined.
High spatial replication of reference sites is the foundation of an effective Reference Condition
Approach. Another approach uses long-term ongoing monitoring of protected areas as
reference sites. An example of this is the National Estuarine Research Reserve System, which
is a network of 28 protected areas that represent a range of biogeographical regions throughout
the United States (Imperial and Hennessey 1996). This regionally-based approach could be
useful for when larger systems are being evaluated and few appropriate reference sites exist.

Comparisons between test (altered) and reference sites requires that altered sites match the
reference conditions predicted by reference sites with similar hydrogeomorphological
characteristics (Barbour 1998, Perrin et al. 2007). These characteristics are selected because
they are not influenced by human activities (e.g., gradient, catchment size, stream order). This
process of organizing reference sites into reference groups provides a natural range of
conditions and can identify suitable comparisons between reference and altered sites,
eliminating the need to find the perfect control site. However, distinct reference groups are
required so that classification errors related to the assignment of altered sites to reference
groups do not reduce the power of the test between altered and reference site status.

The RCA provides operational flexibility in that the reference sites can be added and maintained
independently of altered sites where the timing of monitoring is determined by Fisheries Act
authorizations. If a regional set of reference sites exists, only the altered site needs to be
measured by DFO or the proponent. This would allow agencies to easily and quickly react to
monitoring needs associated with authorizations because there would be no planning for
reference sites during the authorization process.

There are two main analytical components of the RCA analyses when applied to biological
assemblage data (periphyton, macroinvertebrates, and fish). Briefly, a classification analysis is
used to group reference sites based on their biota. There are important trade-offs for
determining the organization of reference sites into groups. Organizing reference sites into
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many smaller reference groups with more restricted ecological attributes will increase sensitivity
to disturbance (decrease Type | error), but can increase classification errors (assigning a test
site to the appropriate reference group); whereas fewer larger reference groups with broader
ecological attributes will potentially decrease sensitivity to disturbance (increase Type | error),
but will lower classification error rate (Perrin et al. 2007). A discriminant function analysis is then
used to build a model from the reference data that assigns the altered site to a reference group,
based on the impact site’s environmental variables. Once an altered site is assigned to a group,
a comparison of the impact site’s biota is made to the reference community (Figure 6). This
analytical approach (or some variant) is used in the UK’s RIVPACS (River Invertebrate
Prediction and Classification System), Australia’s AUSRIVAS (Application of the Australian river
bioassessment system), and Canada’s BEAST (Benthic Assessment of Sediment). Methods
generally differ in whether they use presence-based taxonomic metrics (RIVPACS, AUSRIVAS)
or abundance-based metrics (BEAST). Uncertainty in assigning sites to impairment level
categories can be represented by probability ellipses in ordination space (Perrin et al. 2007).
The ellipses surrounding the reference site coordinate values roughly represent their
distribution. For example, if an altered site’s ordination coordinates place it within the 90%
ellipse, where 90% of the reference site coordinates are within this region, it would be
categorized as not stressed. If a test site’s coordinates lay outside of this region, where very few
of the coordinates for reference sites exist, it would be categorized as impaired.
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Figure 6. Hypothetical distribution of 19 reference sites (black circles) and three test sites (blue circles) in
multivariate ordination space. Sites located near the centroid (center of axis 1 and 2) are the most similar
to all other sites. Coloured ellipses are generated from reference site data and represent the 90, 99t
and 99.9" percentile of the distributions, each corresponding to different levels of similarity with respect to
the centroid. For example, Test Site 1 is located in the grey region of the plot, indicating that it is within a
region of ordination space that includes 90% of the reference sites. This means that it is within the
reference distribution and is considered “in reference condition”. Test Site 2 is located in the yellow
region, indicating that it is within a region that includes 99.9% of the reference sites and is considered
“divergent” from the reference condition. Finally, Test Site 3 is located in the red region, where < 0.01% of
reference sites would be found, and is “highly divergent” from the reference condition.

In a rare test of the performance of the statistical approaches for the RCA, and commonly used
in national programs, Bailey et al. (2014) found that conventional methods resulted in higher
uncertainty (lower Type | and Type Il errors) as to whether an altered site was in reference
condition when compared to several newer approaches (e.g., machine-learning, Bayesian
approaches). They tested these statistical approaches using three large regional datasets of
macroinvertebrate assemblages from wadeable rivers in Australia and the Yukon, and
nearshore lotic sites in the Great Lakes. Current methods used by the Canadian Aquatic
Biomonitoring Network (CABIN) program (Benthic Assessment of Sediment) were applied to the
Yukon Territory dataset, and resulted in high Type 1 error rates (determining a site is in
reference condition when it is not) and low power for detecting the severity of the impairment.
Specifically, 30% of sites that were determined to be in reference condition were not; and only
35%, 40%, and 45% of mildly, moderately, and severely impaired sites, respectively, were
appropriately categorized as such. The machine learning methods developed by Feio et al.
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(2014) resulted in a lower Type 1 error rate of 15% and increased power for assigning
impairment, whereby 25%, 68%, and 78% of sites were correctly determined to be mildly,
moderately, and severely impaired, respectively. Many of the analytical improvements focus on
the matching of reference sites to altered sites. Bailey et al. (2014) recommend that large-scale
bioassessment programs, such as CABIN, AUSRIVS, and RIVPACS adopt newer analytical
methods. Furthermore, evaluating across three different datasets demonstrated the variability in
performance of all methods, and highlights that caution should be used when applying these
methods at national and regional scales.

Although the Reference Condition Approach is the most commonly used approach for large-
scale standardized monitoring programs, we identified several commonly recognized challenges
to using the RCA to assess the function of aquatic habitats:

1. Identifying appropriate reference sites. Brinson and Rheinhardt (1996) recognized this as a
major challenge. Selecting appropriate reference sites is difficult when assessing large
water bodies such as large rivers, lakes, or estuaries because there are few suitable
comparators within a region. For example, there are only 11 rivers in North America that
meet the definition of a great river (Angradi et al. 2009), all located in different regions.
Alternative approaches to reference site selection may be required. This could include
longitudinal sampling least-disturbed sites within the river's watershed. The network
structure of rivers will lead to inherently correlated values among sites, and a spatial
analysis may be needed to deal with the lack of independence among sites. Another
alternative would be to use benchmarks developed from existing data sources. Highly
impacted ecoregions will also be difficult to assess using the RCA because there will be few
pristine or minimally impacted sites. For example, the Lake Erie-Lake Ontario ecoregion is
the most diverse ecoregion in Canada, but 78% of the land has been developed (Crins et al.
2009). To deal with this issue, others have altered the definition of a reference site to “best
available” or “least impaired”. This has important implications for how impacted sites are
assessed. Similar challenges of selecting reference sites may occur in the assessments of
coastal marine areas associated with highly impacted areas (e.g., Vancouver, Halifax).

2. Cost of developing and updating reference sites. A set of reference sites that can be used to
compare with altered sites is important for the RCA to be effective. The cost of monitoring
reference sites can be substantial. These costs will vary depending on the regional
specificity of the area. It is important to evaluate the trade-offs among allocating money for
monitoring new reference sites, repeating reference sites, and impact sites. Increasing the
number of reference sites might lead to a reduction in the frequency of re-evaluation of
reference sites and/or a reduction in the number of impact sites considered for evaluation. A
balance must be struck to optimize these sample size trade-offs.

3. Lower statistical power than a BACI design. Typically, an evaluation of the function of an
impact site using the RCA will lead to more uncertainty than a well-designed BACI or BA
approach. The RCA method trades off spatial specificity with statistical uncertainty.
Developing a large reference site database, in most cases, will allow for comparisons to
many impact sites. In contrast, a single BACI study will only be relevant to a single impact
site, but will have much lower statistical uncertainty for detecting changes than the RCA.

Normal Range Approach

The Normal Range Approach applies the reference condition concept in that values measured
at test sites are compared to some expected distribution of values derived from existing
information on habitat requirements. The Normal Range Approach tests whether the values
from the test site are outside the “normal” range of values. It is a flexible analytical framework
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that does not require a specific study design. The application of the Normal Range Approach
typically involves a comparison of test (altered) and reference sites at the site and regional
scale, but it can also be applied to data collected using other study designs, including Before-
After and BACI designs, as well as the RCA (Kilgour et al. 2017).

The NRA uses information on habitat requirements or other measures of habitat or fish
performance. Examples include changes in fish life histories as indicators of habitat change
(Arciszewski et al. 2017) optimal values that may have been established from laboratory studies
(e.g., dissolved oxygen, temperature); values that may exist in the literature, such as habitat
preference data; or site-specific data collected for the question at hand. Models developed from
field studies that describe relationships between habitat and measures of fish productivity
(Sharma and Hilborn 2001) can also be used to determine benchmarks or threshold values for
habitat indicators. This approach would be particularly useful for species that are well studied.
Canada’s Wild Salmon Policy (DFO 2005) has taken this approach to developing benchmarks
from existing data sources for indicators of Pacific salmon habitat status (Stalberg et al. 2009).

A regional benchmarks framework has also been developed for evaluating fish productivity
(Randall et al. 2017). The aim of this framework is to determine the lower threshold or
benchmark for fish productivity associated with offset habitats. DFO (2014) also provides a
framework that links fish productivity to habitat state, and can be used to develop benchmarks
for indicator values that define the upper and lower bounds affecting productivity. Applying this
framework for site-specific decision-making would require quantifying the productivity and state
for the site in question, as well as threshold values that describe when changes in the habitat or
species-states lead to relevant shifts in fish productivity; for example, when changes in a
stressor no longer affect the productivity of a habitat or population, or conversely, when it
compromises the ability of the habitat or species to contribute to the productivity of a fishery
(DFO 2014). If these threshold values could be determined for specific management actions
and stressors, and with sufficient information on the state and productivity of the ecosystem in
guestion, the framework could provide a cost-effective approach to functional monitoring.

22



10th percentile

5th percentile

Density

25th percentile  75th percentile

Habitat indicator value

Figure 7. Hypothetical distribution of a habitat indicator value for a set of reference sites. A) If a habitat
indicator value for an altered site fell within the shaded areas, the habitat indicator would be deemed to
be within the normal range. The different levels of shading indicate the certainty with which a value is
categorized as being within the normal range, and represents the Type | error rate; the light blue shading
represents the 5™ to 10t percentile of the distribution, and for values that fall within that region of the
distribution there is less certainty that those values are in the normal range (i.e., unimpaired). The dark
blue shading represents the 10t to 100 percentile of the distribution, and for values within that region of
the distribution there is more certainty that those values are in reference condition. We illustrate how this
would be used with the habitat indicator % cover’. Typically, the amount of cover in a stream has a
positive relationship with fish productivity; therefore, if the values for an altered site fell on the lower end
of the distribution (e.g., 2% of the area assessed was cover), while 95% of the values for reference sites
are > than 10%, it would be assumed, based on that indicator, that the stream is not in the normal range
and is likely impaired. B) The shading indicates the values between the low (25™ percentile - left) and high
(75" percentile - right) benchmarks used by Anlauf et al. (2009). This example is more suited to indicators
where there is an optimal value, such as spawning substrate size for salmonids, whereby too much small
substrate will suffocate incubating eggs and too large substrate makes it difficult for spawning salmon to
dig nests.
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For physical habitat assessments, altered sites and reference sites are surveyed, and indicators
are measured or scored. The altered site and reference site scores are compared to determine
how close an altered site is to the normal range (Barbour 1998) (Figure 7). The distribution of
habitat indicator values from reference sites are used to determine benchmarks that define the
boundaries of different categories of impairment or function (Anlauf et al. 2009) (Figure 7B). For
example, Anlauf et al. (2009) compares the values of 16 physical habitat parameters in coho
salmon streams in Oregon between altered sites and reference sites. They use the 25" and 75
percentiles (representing low and high values, respectively) from the reference sites distribution
to identify low < 25M%, moderate (> 25% and < 75%), and high (> 75%) benchmarks. These
benchmarks can be used to determine where the values from altered sites fall with respect to
reference sites, and thus the level of impairment or function. Error rates can be altered by
selecting different decision rules, whereby lower and higher percentiles (e.g., 5™ and 95™) will
generally decrease the Type | error rate but increase the Type Il error rates. How different
decision rules influence error rates will depend on where the altered site values lie relative to the
normal range (i.e., reference condition distribution).

Improvements to conventional methods for determining whether an altered site is outside the
normal range are presented in Kilgour et al. (2017). These include ANOVA-based variants, and
tolerance intervals. Tolerance intervals can be estimated for the upper and lower bounds of a
reference distribution (e.g., 5" percentile of the distribution) and have the added benefit of
including the uncertainty around the percentiles of the distribution.

Scores for habitat indicators based on qualitative assessment or expert opinion can also be
used to evaluate habitat, where the sum of the scores represents the overall score for
impairment or function (see Indices and Scores in the Measuring Function section). The score
of an altered site is compared to scores from reference sites to determine its level of impairment
(Barbour 1998). This is similar to developing benchmark values for different classifications of
impairment and, based on our review, has received much less attention than the statistical
methods applied to the Reference Condition Approach, which uses biological assemblage data.

For the approaches that apply the reference condition concept, the majority of monitoring effort
lies in the development and maintenance of reference sites, or establishment of normal ranges
or benchmarks, with much less effort spent on the evaluation of impact sites associated with
each authorization (Barbour 1998). A large number of reference sites within a region are
required to accurately determine where the impacted site fits relative to the reference condition.
This asymmetry of effort and ongoing monitoring will be a major consideration in the
development of a monitoring program that uses benchmarks or reference conditions as
comparators for altered sites; however, costs can be alleviated by using existing information to
develop benchmarks or reference conditions. Rather than each project being an independent
assessment, the comparators require ongoing management and funding for monitoring to be
effective. However, the costs of the program can be reduced by selecting metrics that are quick
to measure, allowing for many sites to be sampled in a short period of time.

CONSIDERATIONS FOR ALL MONITORING DESIGNS

Statistical power

Determining the appropriate level of replication, whether it is the number of sites, years, or
samples within a site, can be difficult and will vary among projects and indicators. Power
analyses can be used to provide information about how replication will influence statistical
power (i.e., the ability to detect an effect, if one exists). Statistical power is influenced by the
spatial and temporal variation in the indicator (e.g., variance), the strength of the relationship
between the indicator and the response (e.g., effect size), and the replication (e.g., number of
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sites, years, plots). Power analyses can be done using standard methods for simple statistical
analyses, or simulations for more complex modeling approaches (Johnson et al. 2015).
However, for such analyses, a number of assumptions about the spatial and temporal variability
of indicators and effect sizes specific to the study and indicators are required. Assumptions can
be refined using pilot studies and/or using values from the literature where comparable studies
have been conducted. Power analyses should be used in the designing and planning stages of
a monitoring program. General principles that can provide guidance when considering the
different elements of replication (e.g., sites, years, plots, balance of the design) are outlined
below.

Generally, increasing the number of years of data will increase statistical power. As more years
of data are collected, the estimated means for an indicator approach the true means, reducing
the likelihood of a spurious result. However, adding more years of data in an unbalanced design
will have less of a benefit than if years are added to a balanced design. A balanced design
where there are equal numbers of before and after years will provide more statistical power than
an unbalanced design with the same total number of years. For example, O’Neal et al. (2016)
compare the effectiveness of different types of restoration for salmonids. In their study they
examined the effects of stream restoration activities on freshwater indicators by calculating the
variance of the mean effects (i.e., impact — control) for different combinations of the numbers of
years before and after restoration. Balanced designs always provided the lowest variance
multiplier for a given number of years. They also show that increasing the number of years of
data collected before restoration from one to two years had a greater decrease in the variance
of their mean effect than increasing the number of years of data collected after restoration from
one to 10 (Figure 8); this suggests that a minimum of two years of before-project data should be
collected and matched with the collection of two years of after-project data. Acquiring data
before a project can be challenging, but the trade-off between the number of years before and
after, and the balance of the design make a strong case for investing in before-project data
when possible. Since adding years to the before-project data collection is not possible after the
alteration occurs, this approach requires that the design be determined in advance, and
advocates pre-planning.
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Figure 8. Plot of variance multipliers (relative variance) and the number of years of data collection before
(coloured lines) and after a project was completed (x-axis). The variance multiplier represents the
variance in the mean difference metric (impact — control). The grey lines and points indicate a balanced
design where there are equal numbers of years of data collected before and after the project. Data were
taken from O’Neal et al. (2016).

It is also important to consider the frequency of, and intervals between, sampling events. Using
a 9-year study aimed at determining the effects of hydro peaking on benthic macroinvertebrate
and fish communities, Smokorowski and Randall (2017) manipulated the temporal replication of
a BACI design and asked if and how their results might change. They found that intermittent
sampling (e.g., 1, 3, and 6 years after impact) provided uncertain results compared to
continuous monitoring (e.g., 1, 2, 3, 4, 5, and 6 years after impact).

Generally, increasing the number of sites and samples within sites will increase statistical
power. Beneditti-Cecchi (2001) used a simulation approach to examine how replication at
multiple scales (i.e., number of sites, sampling events, and plots) influenced statistical power
and Type | errors using a Beyond-BACI design consisting of up to four sites, eight sampling
events (e.g., four years before and four years after the impact), and 10 replicate plots within a
site. Statistical power was insensitive to how the number of sites and sampling events were
allocated. For example, there was little difference in power if two sites were sampled four times
compared to if four sites were sampled two times. This suggests that the variation among years
and among sites were similar. However, there were substantial changes in power by increasing
the number of plots sampled within a site. Across all design combinations of the number of sites
and times sampled, the largest increase in power occurred when increasing replicates from one
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to two, and increases in power were often marginal after five plots had been sampled; this
suggests that two to five replicate plots is the most cost-effective level of within-site replication,
in this instance. Therefore, the minimum number of samples or replicates should be two but,
when possible, a power analysis should inform the number of replicate samples.

Indicators with low spatial and temporal variability will require fewer samples to achieve the
same statistical power as an indicator with high variability. Indicators can vary on many scales,
and where or when the variability exists is important context for when it might be useful. For
example, indicators such as water temperature often exhibit strong diurnal and seasonal
variation. This variation can be reduced by measuring water temperature at a consistent time of
year and day. Biological indicators (e.g., fish, invertebrate abundance and diversity) often exhibit
high variation, regardless of when they are sampled, when compared to more static habitat
indicators (e.g., channel morphology, cover). The distribution of variability across spatial and
temporal scales can be estimated using mixed-effects models, and can provide valuable
information about coordinating sampling effort (Li et al. 2001, Nakagawa et al. 2017).

The power to detect an effect, if it exists, is directly related to the size of the effect of interest.
Functional monitoring may be appropriate for situations where project impacts are predicted to
be small, readily mitigated, and/or are well understood (DFO 2012); therefore for some projects
the effect size will be small. The low sampling effort of a functional monitoring program coupled
with smaller effects sizes will make it difficult to detect changes in habitat function if they exist
(Peterman 1990, Rubin et al. 2017). However, selection of simple metrics that exhibit low
natural variability (e.g., substrate) may improve the ability to detect change; even more so than
an intensive effectiveness monitoring program, which uses metrics with high natural variability
(e.g., fish abundance). Matching the statistical design to the chosen metrics will be important for
effective monitoring.

Weight of Evidence Approach

A Weight of Evidence Approach is a useful way to evaluate environmental change or impacts
when data are limited and there may be multiple lines of evidence to evaluate. These
approaches can be powerful in that they provide an informal but consistent way to combine all
available data and/or indicators, including circumstantial (e.g., was there mitigation, data
guantity) and quantitative data (e.g., changes in abundance, uncertainty of effects) in the impact
assessment. As an example, Connors et al. (2014) developed a Weight of Evidence Approach
through peer-review to evaluate the likelihood of impact from run-of-river hydro projects on
salmonid populations. This was a particularly useful structure for these evaluations because the
number of years of monitoring data and run-of-river project design varied among sites. Both
factors are important for evaluating the effects on salmon populations since more years will
provide greater statistical power and some project designs will be expected to have larger
impacts on salmon over others. Given that functional monitoring is likely to have low power, and
be applied to impacts that are well understood, this may be a useful approach. This could
reduce likelihood of false positives triggering management actions, because results from
monitoring would have to be considered alongside several other criteria that would be related to
changes in habitat function as a result of current management measures.

No baseline data

The collection of baseline data requires that sufficient time and effort is expended prior to the
development activity. Eighty-two percent of studies (63/77) we reviewed did not collect baseline
data. In all cases where offset habitats are used as compensation, there will be no baseline data
for the newly created habitat. However, in many cases offsets are in-kind habitat (new habitat is
meant to have the same function as the impacted habitat) (Harper and Quigley 2005), which
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allows for comparisons between the new offset and pre-data from the old impacted habitats.
When it is possible to collect data before and after a development activity, habitat data would be
sufficient for a Before-After comparison in many instances, however this may not be the case for
fish and other biotic indicators that are often highly variable in time and space. It may be
unreasonable for some projects to wait for before-data to be collected prior to construction (e.g.,
bank stabilization for flood control). While there are monitoring designs that can be used to react
to an immediate monitoring need (e.g., Control-Impact, Time-by-Trend Analysis, and the Normal
Range Approach), they are often less desirable for the obvious reason that the comparison sites
in most cases are confounded by unaccounted spatial and temporal variation.

Statistics and management decisions

Linking statistics to management objectives to inform decisions can be difficult. While some of
the examples discussed in previous sections use classic null hypothesis testing and rely on the
arbitrary significance (p-value < 0.05) of parameters to determine if there was an effect, this
may not be the most appropriate approach to statistical inference, nor does it adequately
communicate the uncertainty in specific parameter estimates. Null hypothesis testing is
designed to determine how likely the alternative hypothesis (there was a change in habitat
function) is if the null was true (no change in habitat function). This does not directly test if the
alternative hypothesis is true (Bradford et al. 2017).

In many of the studies we reviewed, there was little to no discussion of whether a management
measure was deemed successful in meeting management objectives. In contrast, O’Neal et al.
(2016) evaluated 65 restoration projects, focusing on restoration of streams for improving
salmon habitat in the Pacific Northwest, and presented the management decision criteria for
determining project success. Their success criteria were well defined and transparent. They
included the statistical test (e.g., t-test), the comparators used (e.g., before-project mean
against after-project mean), the significance value required (e.g., p-value < 0.10), and the effect
size required (e.g., 20% increase over baseline). Simple ways of communicating the effects of a
test on a site or the performance of a management measure are valuable and help connect
science to management. Effect sizes with measures of uncertainty (e.g., confidence limits) more
readily communicate uncertainty and take full advantage of the data (Bradford et al. 2005) than
simply reporting p-values.

It is also useful for managers to identify acceptable levels of uncertainty when making decisions.
Bradford et al. (2017) suggest using an approach that defines acceptable levels of uncertainty
by identifying a “range of indifference” when evaluating a change of a given magnitude. This
tolerance for uncertainty or ranges of intolerance can be used to trigger or temper decisions
(Bradford et al. 2017). For example, a tolerance rate of + 20% change in an indicator, measured
as the difference in the value from before-construction to after-construction, provides bounds for
the level of change acceptable to a manager. This means, for a mean estimate of change of <
20% a manager would conclude the habitat remained the same and no further monitoring would
be conducted, whereas if a change of >20% was observed additional monitoring would be
required. This example only considers the mean change (effect size). This example can be
taken a step further by considering the uncertainty in the mean change (Figure 9). Site 1 has a
small and relatively certain change (mean = 5%, + 7.5%), whereas it was estimated that for Site
2 the change was 17% with confidence intervals of £ 2%. In both cases, no further monitoring
would be required and no further management actions would be taken. For Site 3, the mean
effect was 12% - between Sites 1 and 2 - but the confidence intervals were + 15% (i.e.,
confidence interval crosses 20%), which would have triggered a decision (e.g., continue
functional monitoring, effectiveness monitoring, or additional compensation). This approach
incorporates effect sizes and uncertainty into the decision process.

28



Continue
monitoring

+ Stop

monitoring

N
o

o

Indicator value % change
@

Site1 Site 2 Site 3

Figure 9. Hypothetical mean change and uncertainty (95% confidence intervals (Cl)) in an indicator value
for three test sites. The solid horizontal line represents no change, and dashed horizontal line represents
the management relevant benchmark of 20% change. If a change exceeds this benchmark, monitoring
will continue, whereas if the change is below this level, monitoring will stop. There was a 5% (lower CI: -
2.5%, upper CI: 12.5%), 17% (lower Cl. 15%, upper CI: 19%), and 12% (lower CI: -3%, upper Cl: 27%),
change at sites 1, 2, and 3. If a manager only considered the mean effect, no additional management
activities would be triggered (i.e., monitoring would stop). However if the uncertainty around the mean
change was considered, additional monitoring would be triggered. This example demonstrates how
considering uncertainty could influence management decisions.

Management decisions that are based on statistical analyses that assess environmental change
must consider not only the effect size but account for and quantify uncertainty. Furthermore, the
management decision structure needs to incorporate this uncertainty into decision making. Not
all analyses, however, provide effect sizes, incorporate or quantify uncertainty. Multivariate
analyses that are currently used by the Canadian Aquatic Benthic Invertebrate Network, for
example, do not provide effect sizes making it difficult to compare the effects across multiple
studies as would be required for a meta-analysis. The current analytical methods used are
unable to incorporate temporal replication and do not provide uncertainty for the estimates of
site values in ordination space. To deal with this, simulations may be used to quantify effect
sizes and some of the uncertainty, but these are somewhat disconnected from the original
analysis and are not part of the standardized approach. Therefore, caution should be taken
when using these monitoring frameworks to inform management decisions.

It will be important for managers to determine how the information from the functional monitoring
programs will be interpreted and used to make decisions. Identifying what lines of evidence are
required to make decisions and the decision outcomes available to managers, are critical steps
that are often overlooked when designing a monitoring program, and need to be considered at
the outset.

RAPID ASSESSMENT

An important feature of functional monitoring is that it often employs rapid assessment
techniques. Rapid assessments are used around the world to determine the function of aquatic
habitats (e.g., the United States, Australia, New Zealand, South Africa, European Union, and
Canada). There are many definitions for what constitutes a “rapid” assessment in the literature.
Definitions vary in how much of the assessment process is considered in determining if an
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assessment is rapid (e.qg., field planning, data collection, laboratory analysis, data management,
analysis, reporting). For example, the amount of time required to select sites (e.g., control or
reference sites) or process samples and analyze data is often not considered, and can be
substantial. Many studies use the definition provided by Sutula et al. (2006) and Fennessy et al.
(2007), which define a rapid assessment as < 1 day to complete the monitoring (e.g., < 0.5 days
for two people to conduct the field sampling and < 0.5 for two people for data management,
analysis, and reporting). Cohen et al. (2005) defined it as < 1 hour per site. For the purposes of
this report, we use the Sutula et al. (2006) and Fennessy et al. (2007) definitions of rapid
assessment.

Studies were categorized as either rapid (based on the authors claim) or not (if not determined
by the author we made our own assessment), or as unclear (if there was not enough information
presented in the paper for us to assess). Forty percent of the studies were either not rapid
(22%), according to our definition, or unclear (18%).

All physical habitat surveys that were declared rapid by the authors met our definition of rapid.
However, 72% (28/39) of the studies that were declared rapid by the authors included
macroinvertebrate metrics, meaning only the field component was actually rapid; thus, these
studies were not considered rapid for our purposes. These studies were often associated with
the term “rapid bioassessments”, which refers only to the field sampling. This is problematic
because the effort (i.e., time and expertise) to identify the animals to an ecologically meaningful
level of taxonomic resolution can be extensive. For instance, it has been estimated that it takes
between 36 and 48 hours to count and identify all invertebrates from a single sample unit, of
which multiple units are often collected (Pallottini et al. 2017). Fennessey et al. (2007) reviewed
40 rapid assessment methods for wetlands and was of the opinion that many methods were not
rapid (i.e., < 1 day total - < 0.5 days in the field and < 0.5 days for analysis and reporting).
However, there are some protocols that rely on low taxonomic resolution (e.g., order and some
key families) and may fit in the more typical definition of rapid assessment (e.g., Parsons et al.
2002, Tornblom et al. 2011, Doll et al. 2016a).

None of the rapid assessments appeared to have considered field planning or site selection.
While the time required to identify appropriate control sites, or to travel to field sites will be site
specific and highly variable, these steps are common to all projects and will likely add
substantial time to each field assessment. The time and cost of accessing a remote field site
could be greater than the cost of conducting the survey itself. There was also no mention of
using data loggers to monitor systems in our literature review. Data loggers can generate large
amounts of useful data and require very little time in the field compared to field surveys.
Although data loggers can be quick to deploy and retrieve, they often require more than one site
visit, and in some instances, calibration (e.g., water depth loggers and discharge curves).
Regardless, data loggers can be a cost-effective monitoring tool that should be considered for
monitoring programs that include rapid assessment methods.

METRICS TO MEASURE FUNCTION

Ecological processes are complex, making them difficult to measure and quantitatively
represent. Often, indicators measured in the field will only partially represent a component of the
ecological or biological process of interest, and/or will be confounded by other processes that
cannot be disentangled. The sensitivity of an indicator to changes in a process of interest (i.e.,
ecological change) is only one feature of many that are important to consider when selecting
indicators for a monitoring program. Indicators can also vary in specificity, response time,
natural variability, ease of measurement, and cost. Although this section provides a list of
example metrics that could be measured, it will focus on approaches to measuring indicators
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and important features that should be considered when designing a functional monitoring
program. Because functional monitoring is intended to be a scaled-down version of
effectiveness monitoring, we will draw from effectiveness monitoring (Smokorowski et al. 2015)
where applicable; other metrics that appear to be useful are drawn from the literature.

We categorized aquatic habitat by the function it provides to fish. Functional habitat monitoring
is the assessment of whether management measures provide expected conditions suitable for
fish to carry out their life processes. In the Fisheries Act these are identified as spawning
ground, nursery, rearing, food supply, and migration areas. Appendix D presents lists of
example indicators that would be suitable for functional monitoring for the five habitat types
identified in the Fisheries Act. Measuring habitat function differs from physical habitat
measurements in that measures of function are ecologically or biologically relevant to fish.
Measures of habitat function could include physical measurements, but only if the proper
context is provided. For example, categorizing substrate size based on the Wentworth scale
(Wentworth 1922) is not particularly relevant classification for characterizing substrate size of
fish spawning habitat because of the course scale and non-biological classification of size.
Alternatively, quantifying or visually estimating the proportion of the substrate that is within a
species’ optimal size range for spawning and incubation can provide useful information for
evaluating hypotheses about relationships between habitat and fish productivity (Braun and
Reynolds 2014). The assumption that the optimal substrate size range will increase spawning
success and the survival of embryos relates the physical measurement of substrate to spawning
habitat function. Therefore, functional monitoring focuses on indirect measures of fish
productivity, mainly physical and biological habitat features that are hypothesized to support fish
production.

Broadly, there are four main classes of variable measurements that can be used to characterize
the function of fish habitat: 1) indicators and surrogates, 2) indices and scores, 3) qualitative
visual assessments using expert opinion, and 4) digital image assessments. We discuss these
different types of measurements and their ability to detect change, effort, and ease of use.

INDICATORS AND SURROGATES

Indicators are quantities that describe changes in the state of another process, population, or
habitat. In the context of functional monitoring of fish habitat, we define an indicator as some
guantity that describes, and is hypothesized to be related to, changes in fish productivity.
Indicators are more general quantities used to evaluate changes in fish productivity and are
different from metrics, which are the specific representation or quantifications of an indicator;
see Appendix D for examples. For context, temperature is an indicator and maximum
temperature is a metric that is related to physiological stress and mortality in fish populations.
Indicators may also be comprised of one or more quantitative metrics (e.g., multimetric index),
or may be qualitative in nature (“loss of structure”). Indicators can provide multiple habitat
functions. For instance, macrophyte beds provide both cover and food for juvenile fish, and the
same metric can be used to represent both functions (e.g., shoot density and/or % macrophyte
cover). However, other indicators that are related to multiple functions may require different
metrics to describe the functions. Substrate can provide spawning and incubation habitat, as
well as cover. Substrate metrics for spawning may quantify the percent of spawning substrate
(amount of substrate within a specific size range), while cover may be the percent of substrate
that is boulders. Ideally, indicators are measured in such a way that multiple metrics can be
derived from one type of measurement, so that they can be used in assessing multiple habitat
functions for various life-stages. A useful approach to capturing indicators that are highly
variable or relevant to multiple life-stages (e.g., temperature and discharge; Appendix D) is the
use of data loggers. Advancements in technology have made this a low cost option for
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monitoring over long time periods, for which a range of conditions can be captured and/or
different metrics can be calculated.

Indices and scores

Indices and scores are types of indicators that are constructed by combining different sources of
data that aim to provide a holistic representation of habitat status or function. Although indices
can be seen as an attractive way to simplify complex ecological processes, address statistical
issues associated with the number of variables in a model, and/or collinearity, there come with a
number of challenges that warrant caution when using them for ecological monitoring (see
Green and Chapman 2011 and references therein for a discussion).

Multimetric indices are often used when many metrics can be calculated from a single sample or
survey, and metrics are correlated but represent slightly different components or processes of
the ecosystem or habitat. For example, diversity metrics (evenness, richness, Shannon’s
diversity) are often combined using ordination methods such as Principal Components Analysis
to generate a multimetric index of benthic macroinvertebrate assemblage. This approach has
been used to develop sediment indices using sediment sensitive taxa (Turley et al. 2016).
These indices may outperform single metrics in detecting differences in impact among sites
(Talman et al. 1996) however, many have shown that derived indices lack stability in space and
time making them highly specific to the conditions the data were collected under (Hamilton et al.
2010, Green and Chapman 2011). Some of the information contained in the raw data is also
lost, which may lead to misleading interpretations of the data. Therefore, the development of
indices must be driven by hypotheses and processes related to fish productivity and the data
used to derive them should be presented to help alleviate the risk of misinterpretation. Indices
are also used to deal with common statistical pitfalls, such as collinearity among variables that
can reduce statistical power by inflating standard errors (Zuur et al. 2010). When variables are
highly correlated it is simplest to use just one, whereas when there are many variables that are
moderately correlated multivariate statistical methods such as ordination methods (e.g.,
principal components analysis, correspondence analyses and non-metric dimensional scaling)
(Rice 2003) may be useful. Green and Chapman (2011) provide a critical assessment of indices
and caution there use and highlight important considerations if they are used.

Habitat scores are another approach for combining multiple types of information, but differ from
multimetric indices in that they are combining indicators (vegetation, macroinvertebrate, physical
habitat) that aim to provide a habitat with a holistic score of impairment. There are a number of
different ways to develop habitat function scores that range from simple to complex. The
simplest approach is to qualitatively score habitat features during the assessment and then a
sum of all the parameter scores is used to generate an overall habitat score (see Qualitative
Visual Assessments using Expert Opinion section for more discussion). Others have used more
complicated procedures that include scaling values between 0 and 1, averaging some scores,
while multiplying others (Rowe et al. 2009). Regardless of the approach, all scores make
assumptions about the weight of each parameter being measured in determining the status or
function of habitat (Doll et al. 2016b). For example, giving equal weight to substrate and
vegetation in an estuary assumes that these indicators are equally important to all fish species
or fish assemblages, which may not be appropriate. Of the 40 rapid assessments for wetlands
condition reviewed by Fennessey et al. (2007), many of the formulas and models used to
calculate scores were considered unjustified by the authors. Habberfield et al. (2014) advocates
for assessment scores to be developed based on ecological hypotheses. By using ecological
hypotheses to develop assessment scores, the methods become transparent and justified. In
addition, scores should be accompanied by the data used to generate them. This would present
all of the information and highlight areas where the score might be misleading.
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QUALITATIVE VISUAL ASSESSMENTS USING EXPERT OPINION

Qualitative assessments of habitat function are commonly used in rapid assessment protocols.
These consist of data collection methods that are visual and subjective. This approach is
popular because they serve as a quick and easy way to assess habitat. Qualitative
assessments are commonly applied to assessments of cover (e.g., rating of 1-low cover to 5-
high cover), substrate (e.g., substrate size classifications or quality), bank stability, and riparian
vegetation and habitat classification (Doll et al. 2016b). These can be useful metrics but risk
user bias and variability due to experience that can compromise the ability to compare among
sites. Subjectivity in qualitative assessments can be reduced by providing details about the
different classification or scoring methods and training. For example, Barbour (1998) provides
detailed documentation about how to assess embeddedness of substrate that describes each
condition category and provides pictorial examples (Figure 10). A detailed list of assumptions
associated with visual assessments can increase transparency and reproducibility (Railsback
and Kadvany 2008). Training and the use of simple visual survey methods, can also reduce
observer subjectivity (Roper and Scarnecchia 1995). Testing the assessors can also achieve
consistency by identifying where refinements need to be made to the protocol. The Province of
British Columbia has developed a habitat watershed status evaluation protocol that focuses on
fish values. This includes visual surveys for riparian and channel habitat, sediment transport,
and fish passage (Pikard et al. 2014). Indicators are simple to assess and directly related to
habitat function for fish. While their final status assessments are at the watershed level, the site
level assessment protocols developed form the basis of the field monitoring and are applicable
to functional monitoring. The trade-off between effort and information is important when
considering qualitative visual assessments. Barbour (1998) cautioned using qualitative
assessments because of their low precision and noted the additional value of quantitative
assessments.

Habitat Condition Category

Parameter

Optimal

Suboptimal

Marginal

Poor

2.a Embeddedness

(high gradient)

SCORE

Gravel. cobble. and
boulder particles are 0-
25% surrounded by fine
sediment. Layering of
cobble provides diversity of
niche space.

Gravel. cobble, and
boulder particles are 25-
50% surrounded by fine
sediment.

Gravel. cobble, and
boulder particles are 50-
75% surrounded by fine
sediment.

Gravel. cobble, and
boulder particles are more
than 75% surrounded by
fine sediment.
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Figure 10. Description of condition categories for substrate embeddedness, taken from Barbour (1998).

DIGITAL IMAGE ASSESSMENTS

Digital images taken of benthic features can be a valuable approach to collecting data in the
field. This method is being used for large-scale benthic monitoring programs, where species
diversity is high with many species of algae, coral, vegetation, and animals that can be counted
by applying a virtual quadrat (Perkins et al. 2016). This reduces field time, especially when
using scuba, where bottom time is limited. Pictures have been used for stock assessment but
we are unaware of any freshwater assessments using pictures to quantify species and/or
habitat. This may be because of difficulty using this method in running waters, and the lack of
species diversity in lake benthic environments. However, this remains a useful data collection
approach.

Remote sensing is being rapidly developed and applied to aquatic environments (Marcus and
Fonstad 2010). Remote sensing assessments of habitat could produce simple and fast
assessments. For example, river channel morphology and instream habitat can be mapped
using remote sensing (Legleiter et al. 2004), as well as macrophytes in lotic systems (Villa et al.
2017), estuaries, and near shore environments (Vahtmae et al. 2006).
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INDICATOR SELECTION

Selecting effective indicators can be difficult (Braun and Reynolds 2012) given the myriad of
options that have been developed for measuring aquatic ecosystems. Although many aquatic
indicators have been related, at some point, to measures of fish production, there are specific
features that make some indicators more suitable for monitoring impacts on fish habitat and
productivity. For indicators to be effective in functional monitoring programs, they must exhibit
the following characteristics:

1. Indicators must be sensitive. Indicator values must change in relation to the management
action; they must be measureable and occur in an appropriate time between the habitat
alteration and measurement (e.g., < 6 months);

2. Indicators must not be hypersensitive. Indicators must not be more sensitive to other
environmental changes not relevant to the management measure;

3. Indicators must exhibit low natural variability. Temporal and spatial variability must be low
enough that the management measure signal is not masked by the noise of natural
variability;

4. Indicators must be measured at the scale appropriate to the impact (e.g., landscape level
measures may not detect point-source impacts);

5. There must be clear linkages between indicators and management objectives, which can be
guided by conceptual model (e.g., Pathways of Effects);

6. There must be the ability to set reference points that will trigger management actions

identified a priori. Without reference points or benchmarks it would be difficult to define when

decisions would be triggered;
7. Indicator measurements, laboratory processing, and analyses must be rapid.
(adapted from (Rice 2003, Wieckowski et al. 2008))
Response time and the spatial scale will differ among indicators (Adams and Greeley 2000)

(Figure 11). Basal indicators, such as water chemistry, will provide earlier responses than higher

level indicators, such as organisms occupying higher trophic levels (e.g., macroinvertebrates,
fish). Many evaluations of stream restoration, such as the addition of large wood, require
multiple years before macroinvertebrate assemblages show a response (Entrekin et al. 2009).
Indicators will also differ in the location or area they represent. For instance, two studies
suggest that macroinvertebrate assemblages were more related to watershed and landscape

characteristics than reach-scale physical habitat conditions (Miller et al. 2010, Louhi et al. 2011).

These generalities are likely shared between marine and freshwater ecosystems.
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Figure 11. Taken from Adams and Greeley (2000), depicting the hierarchical responses of organisms to
different stressors. Stressors observed through physiological, biochemical, or biomolecular responses are
better early warning indictors, but may not be as ecologically relevant as higher-level population
responses, such as indicators of population productivity.

Indicators may integrate the effects of ecological processes over larger scales (space and time),
or provide information at finer scales that can be used to understand specific mechanisms of
change (Rice 2003). For example, sediment loads in the substrate integrate the amount of
sediment that is being discharged from the system over seasons, whereas suspended sediment
may provide temporal information that is more useful for understanding mechanisms, because
of its direct link to fish health and inter-gravel incubation conditions. Sampling contaminants in
the environment over time will provide the conditions for a specific site and period. In contrast to
direct measurements of contaminants, bioindicators can integrate environmental information
over longer periods and larger spatial scales. For example, diatom assemblages can provide
integrated information on environmental changes over multi-year periods (Summers et al.
2017), and contaminant loading in fish tissue can integrate over the fish’s spatial range. Sessile
species used as bioindicators, such as the Blue mussel (Mytilus edulis) (Beyer et al. 2017) and
various macrophytes (e.g., Zostera spp.) (Farias et al. 2018) can indicate exposure to
contaminants at a specific location, reducing the confounding effects of movement. Differences
in tissue turnover rates can also integrate over different time scales; liver tissue will represent
shorter periods compared to muscle, which will represent longer periods. The type of
bioindicator will depend on the scale of the question in time and space.

Considering the scale an indicator represents is important when developing standardized
monitoring programs because, while measuring many indicators with high specificity for a
specific type of habitat change might make them more effective than indicators that integrate
over larger scales, it will make it difficult to develop a standardized protocol. On the other hand,
indicators that integrate do not provide a direct link to management actions. There is no perfect
indicator, and the performance of indicators will vary across the criteria outlined above. It is
important to recognize the trade-offs that exist between performance in one criteria compared to
another. Therefore, the importance of each criterion should be considered in addition to
indicator performance. While there are useful qualitative approaches to selecting indicators (see
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Kershner et al. 2011), to date, there are no quantitative tools for assessing the performance of a
proposed indicator.

Indicator selection and Pathways of Effects

The Fisheries Protection Program uses Pathways of Effects (POE) models to describe
mechanisms by which an in-water activity (e.g., dredging, flow changes) affects fish productivity
(DFO 2018b). Matching indicators to Pathways of Effects models is a useful conceptual
framework for selecting indicators, and has been used to select risk-based indictors for marine
ecosystems (O et al. 2015). Each indicator considered would be assigned to one or more
pathways of effects depending on their specificity (Appendix E), and the metric measured would
depend on the question being addressed by the data collected. Using the previous example, an
indicator such as substrate would be assigned to multiple pathways, while the metrics used to
describe the indicator will likely be specific to a particular pathway and endpoint. If substrate is
used to indicate changes in cover, the percent boulders could be a metric; whereas if substrate
was indicating food supply, embeddedness may be an appropriate metric. When applied to a
project, the pathways of effects would first be determined, and then a project-specific monitoring
plan (monitoring approach, site selection, and list of indicators to be measured) would be
developed. Indicators would be checked off a comprehensive list (see Appendix E) and added
to the monitoring plan based on the POEs associated with the project. This would provide
consistency in the indicators measured for a given pathway, allowing for comparisons of
management measures among projects addressing the same pathways of effects.

STANDARDIZED MONITORING

The development of a standardized monitoring program should be driven by the appropriate
guestions and a conceptual understanding of the systems it is being used to monitor, regardless
of the region, system, or project application. Large-scale standardized monitoring programs
often consist of a single monitoring design (e.g., RCA, reserve system) and several protocols
that are adapted to different system types (e.g., wadeable streams, rivers, lakes, estuaries,
wetlands); see Monitoring Design section for discussion of different monitoring designs and
existing programs. Monitoring designs are general to all system types and it is possible to use
one approach; however, some designs may be more effective than others, given the system,
regional characteristics, and/or project. Similarly, protocols can be broadly applied to a system
type, but many monitoring protocols are developed by states or regions, which suggest there
may be benefits to the development of finer-scale protocols. Regional protocol development
should not happen in isolation to achieve as much consistency as possible among comparable
habitat types. Determining the scope of a standardized monitoring protocol is important because
it is directly linked to its performance at achieving its objectives. A protocol that is too broad in
scope will be ineffective; whereas the development of many protocols with high specificity will
be expensive and will limit the comparisons among sites, thus reducing its power for evaluating
the overall performance of different management measures. For example, finer-scale
development of protocols may be useful for small streams, where there is high variability and
many replicates in a small region. However, it may be difficult to develop regionally-based
protocols for large estuaries (Imperial and Hennessey 1996) or rivers (Angradi et al. 2009). The
level of replication for a system type and the monitoring design used should guide the scale at
which protocols are developed.

Striking the appropriate balance with regards to the scope of standardized protocols is difficult,
and the tipping point between a program that is too broad or specific will likely vary with region,
habitat, species, and life stage. National oversight of the development of regional protocols will
play an important role in meeting this challenge. For indicators that can be measured using a
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range of methods it will be important to ensure data are collected using a consistent method, so
that data are comparable across protocols. For example, substrate composition can be
collected using several methods that range in their precision and assumptions (e.g., sieved
substrate samples, pebble count method, visual assessment of percent dominant substrate
size). Ultimately, the objective may be the same for each method (e.g., represent the mean
substrate size for a transect or area), but it may make comparisons among different methods
difficult because each method has a different set of assumptions and biases. The sieved sample
can be used to estimate substrate composition below the surface and will result in a mean
substrate value with higher precision than the mean value derived from pebble counts of surface
substrate. Furthermore, estimating a mean value from visual estimates of percent dominant
substrate size is difficult and problematic for making comparisons with the other two methods,
because a mean value cannot be calculated. Consistent methods at the national level, where
possible, will avoid these challenges and increase the likelihood of meaningful comparisons
when conducting meta-analyses of program performance.

Standardized monitoring programs provide several benefits. The benefits are often associated
with the ease of implementation and monitoring, and include: 1) protocols to ensure metrics are
measured correctly, 2) consistency in indicators measured and data entry, 3) determining the
appropriate analyses prior to data collection, and 4) clear and standard reporting of results, with
key information entered into an electronic database. Standardized monitoring can also be used
by different agencies and/or private consultants to produce comparable data across a large
number of sites and years that can be included in a national or regional database.

The value of a large national database that can be used to assess mitigation, offsetting, and
restoration measures that are designed to reduce impacts to fish and fish habitat cannot be
understated. Over time, as the number of projects assessed increases, powerful analytical
methods such as meta-analyses can be used to determine how effective different management
measures are at achieving sustainable fish productivity. Meta-analyses examine the overall
effects of management measures by combining the results of several projects (Arngvist and
Wooster 1995). Meta-analyses are particularly useful when, at the project level, effects of a
given management measure are small and uncertain, but when multiple project results are
combined, they demonstrate a consistent pattern. This is particularly important in the context of
functional monitoring because the uncertainty associated with individual studies/monitoring is
high and inference will be weak. However, the collective power of these studies in a meta-
analytical context will allow the performance of management measures to be evaluated. This
information can then be used to adaptively manage the prescriptions associated with Fisheries
Act authorizations and letters of advice. It is important to note that a meta-analysis has specific
data requirements and standards; studies will be excluded from the analyses if they are of poor
guality and/or inappropriate study design (e.g., no comparator). Therefore, it would be
advantageous if all functional monitoring studies conformed to a minimum study design that
would allow for its inclusion in a meta-analysis.

LIMITATIONS OF EXISTING PROGRAMS

The monitoring objectives of the large-scale agency-based programs that employ rapid
bioassessments (many reviewed in the Monitoring Design section) may differ from that of
functional monitoring to evaluate management measures. Specifically, most of the monitoring
reported on large-scale environmental trends rather than the functional monitoring of small-
scale activities, and therefore, the results from the review presented in this document should be
taken accordingly. Bioassessment programs tend to focus on a broader scale of impacts and/or
pollution, or water quality issues than the project-specific habitat alteration’s functional
monitoring will be evaluating. Eighty-three percent (64/77) of the studies reviewed did not focus
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on the function of a specific habitat function (e.g., spawning, rearing, nursery), but rather the
whole ecosystem, which was usually captured by metrics characterizing macroinvertebrate
assemblages. It is important to note that the approaches and methods used in these large-scale
monitoring programs may differ from the most appropriate approaches and methods for
functional monitoring. Rubin et al. (2017) provided a critical review of the application of rapid
bioassessment protocols to evaluating restoration activities in streams. They make two points
relevant to the design of a functional monitoring program for evaluating management measures:
1) indicators typically used (i.e., macroinvertebrates) are often not justified, nor have clear
relationships with how well the habitat functions for fish productivity; and 2) rapid assessments
may not capture the appropriate scale of habitat alteration.

Rubin et al. (2017) suggest that while macroinvertebrates are good indicators of water quality
and pollution, it is not clear if they respond to habitat alteration. They highlight the fact that the
goal of restoration may not be to improve water quality but rather increase the quantity or quality
of habitat for fish, and therefore the use of macroinvertebrates as indicators of reach-scale fish
habitat function may not be appropriate. This point was also raised in a previous review of
stream habitat restoration (Roni et al. 2008). Furthermore, commonly used metrics for
macroinvertebrates, such as richness, diversity, or abundance are not clearly linked to changes
in physical habitat and if changes in macroinvertebrate assemblages are observed, they do not
always make sense. For example, a change in the abundance of macroinvertebrates at a
particular site may be due to increases in a stress tolerant species or high nutrient inputs after
logging, but may be incorrectly assessed as a positive response.

In their review, Rubin et al. (2017) go on to suggest that rapid assessment techniques are
designed for examining large spatial extents (low sampling effort per site but many sites are
sampled), but that there is little basis for using these approaches for assessing projects at the
reach-scale (Rubin et al. 2017). As discussed earlier, it has been shown that
macroinvertebrates are often more related to watershed characteristics than reach-scale
characteristics (Miller et al. 2010, Louhi et al. 2011). Therefore, the prevalence of these rapid
bioassessments based on macroinvertebrates found in the literature should not be
misinterpreted as evidence of their effectiveness.

SUMMARY

Monitoring the effectiveness of management activities provides the Fisheries Protection
Program information that can be used to adaptively manage at the project and program levels.
Three levels of monitoring have been proposed to achieve the information needs of the FPP: 1)
compliance, 2) functional monitoring, and 3) effectiveness monitoring. This document focuses
on reviewing approaches and methods that could be used in a functional monitoring program.
Below are a summary of some key points.

The conceptual understanding of the ecological system and processes affected by the
management activities should drive the approaches and methods used in a functional
monitoring program. Conceptual models such as the FPP’s Pathways of Effects models can be
used to connect indicators to endpoints to monitoring program objectives. Explicitly connecting
the lines between these different components is important for an effective monitoring program
(Failing and Gregory 2003).

Monitoring the effectiveness of projects and the FPP requires a tiered approach, where the level
of monitoring rigour matches the information needs of the FPP. In other words, functional
monitoring, a scaled-down version of effectiveness monitoring, should be applied to projects
where the impacts are relatively low and/or certainty is high (e.g., installation of a culvert in a
stream during road building) compared to other projects where impacts may be high and/or
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uncertain (e.g., stream diversion that will alter habitat for a species at risk). The application of
functional monitoring could also be structured based on previous monitoring results, similar to
the tiered approach used by the Canadian Environmental Effects Monitoring Program (Hewitt et
al. 2003), whereby functional monitoring is initially conducted to provide information that can be
used to determine if more monitoring (i.e., effectiveness monitoring) is required.

Indicator selection can be difficult, given the myriad of potentially suitable options. The process
of indicator selection should be driven by the monitoring objectives. Explicit thought about how
an indicator will meet the monitoring objectives and achieve the management objectives is
critical. Once this component of the indicator selection process has been met, other more
guantitative assessments of indicator performance (e.g., sensitivity, response time, natural
variability) can be used to further refine the selection of indicators to be monitored.

Identifying the appropriate balance between standardization and investigative rigour is a difficult
but necessary task when designing a standardized monitoring program. Standardization
facilitates broad application of the monitoring program but reduces the information specific to a
project or management activity. Investigative rigour increases the value of the information that
can be used to inform the effectiveness of management activities but increases time and costs
of monitoring, which may be prohibitive for large-scale monitoring applications, and for making
comparisons of management effectiveness across projects. Although a single standardized
program is not possible given the diversity of habitats across Canada and the many
management activities, it may be possible to design regionally-specific standardized functional
monitoring programs that can be applied to projects with similar impact pathways, management
activities, and site characteristics. The exact scale of standardization will ultimately depend on
the information needs of the FPP.
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GLOSSARY

Term Description Reference

BA Before- A commonly used monitoring design that compares

Aftér data collected before and after a development Underwood 1991
activity.

BACI, Before- A commonly used monitoring design where the

After-Control-
Impact

Bioassessment

Cl, Control-
Impact

Effectiveness
Monitoring

Fish
Productivity

Fisheries
Productivity

Functional
Monitoring

Habitat

Indicator

control and impact sites are sampled before and
after the development occurs.

An evaluation of the condition of a waterbody using
biological samples and other direct measurements
of the resident biota in surface water.

A commonly used monitoring design that compares
data between control and impact sites.

A science-based activity, requiring a standardized,
transferable design. The metrics or indicators must
measure productive capacity or fish-based
surrogates of productive capacity.

A survival parameter specific to a population of fish
(e.g., maximum growth rate of a population at low
density). Productivity may also be characterized by
other population traits such as growth, fecundity and
age-at-maturity.

The sustained yield of all component populations
and species, and their habitat, which support and
contribute to a fishery in a specified area.

A science-based, scaled-down version of
effectiveness monitoring that relies on surrogate
metrics to assess whether management measures
provide expected conditions suitable for fish to carry
out their life processes.

Spawning grounds and other areas, including
nursery, rearing, food supply, and migration areas,
on which fish depend directly or indirectly in order to
carry out their life processes.

Some quantity that describes, and is hypothesized
to be related to, changes in fish productivity.
Indicators may be comprised of one or more
guantitative metrics, or may be qualitative in nature
(cf. “change in LWD”, “loss of structure”).

Underwood 1991

Barbour 1998

Underwood 1991

Smokorowski et al.
2015

Randall et al. 2013

Randall et al. 2013

DFO 2012

DFO 2018c

Bradford et al. 2014

46



Term

Description

Reference

Letters of
Advice

Fisheries Act
Authorizations

Management
Monitoring
Objectives

Measurements

Meta-analyses

Metric

Mitigation

Guidance provided to a proponent by the FPP when
a Fisheries Act Authorization is not required, but
there is potential to avoid or mitigate any effects of
the project impact on fisheries productivity.

Guidance for a project proponent from the FPP
outlining how to avoid or mitigate impacts on
fisheries productivity where possible, and
requirements for restoration and offsetting where
impacts are unavoidable and cannot be mitigated.

Monitoring objectives of the Fisheries Protection
Program related to project monitoring are: 1) to
ensure conformity with advice, construction/design
standards and compliance with the Fisheries Act
and Species at Risk Act (compliance monitoring
program); and 2) to evaluate the effectiveness of
management measures aimed at reducing the
impacts of projects on fish and fish habitat
(functional and effectiveness monitoring programs).

Measurements are taken in the field and describe
the current state of the ecosystem or its biota.
Examples include fish abundance or discharge.

A powerful analytical method that can be used to
determine how effective different management
measures are at achieving sustainable fish
productivity by evaluating the overall effect of a
given management measure for multiple projects.

The specific representation or quantification of an
indicator. Metrics are used to evaluate change or the
relationship between the altered site and control(s)
or relevant comparator(s). A metric can be derived
from before-after field measurements (e.g., change
in fish abundance), or can be estimated from
baseline measurements and a predicted or modelled
effect.

Is a measure to reduce the spatial scale, duration, or
intensity of serious harm to fish that cannot be
completely avoided. Mitigation measures include the
implementation of best management practices
during the construction, maintenance, operation and
decommissioning of a project.

DFO 2018d

DFO 2018d

This Report

Bradford et al. 2014

Arngvist and
Wooster 1995

Bradford et al. 2014

DFO 2013
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Term Description Reference
Multi , A type of indicator that is constructed by combining
ultimetric iff t r f data aimed at providing a This Report
Indices di erent sources ot : P ga port.
holistic representation of habitat status or function.
NRA, Normal A_n a_ppr_oach that compares a test site to 'Fhe
Range dlstrlbutlons_ of conditions defined by mqltlple
Approach reference_ sites that represent some de_swable state
(e.g. undisturbed, pristine, or not-impaired).
A measure that counterbalances unavoidable
Offsetting serious harm to fish resulting from a project with the DFO 2013
goal of maintaining or improving fish productivity.
Monitoring objectives specific to each program with
regards to how they measure the effectiveness of
management measures. For example, functional
Program monitoring will measure effectiveness by evaluating This Report, DFO
Monitoring if the management measures are functioning as 2012
Objectives intended, whereas effectiveness monitoring will
evaluate the productivity-based milestones.
Monitoring objectives specific to each project with
regards to how they measure the effectiveness of
management measures. For example, the project
Project objectives for evaluating a culvert may be to
Monitoring determine if the culvert provides upstream and This Report
Objectives downstream passage; whereas the evaluation of

Quantitative

Qualitative

Range of
Indifference

new spawning habitat for adult salmon may be to
determine if the habitat provides cover and
spawning gravel for adult salmon.

Collecting both physical and biological measures,
metrics, and indicators through measurement to
generate numerical data.

Collecting both physical and biological measures,
metrics, and indicators through descriptive
assessments of the state of a feature, which may be
unitless.

An approach that identifies acceptable levels of
uncertainty when making decisions. This tolerance
for uncertainty, or ranges of intolerance, can be
used to trigger or temper decisions.

Bradford et al. 2014

Bradford et al. 2014

Bradford et al. 2017
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Term

Description

Reference

Rapid
Assessment

RCA,

Reference
Condition
Approach

Restoration

Standardized
Monitoring

System Type

An assessment protocol that can be conducted in a
short amount of time (e.g., < 1 day for two people to
collect the data, manage the data, analyze the data,
and complete reporting).

An approach that compares a test site to a set of

conditions defined by multiple reference sites that
represent some desirable state (e.g. undisturbed,
pristine, or not-impaired).

The creation or restoration of a previously degraded
habitat known to have served a specific function in
the past.

Monitoring programs that use consistent data
collection, analysis, and reporting protocols.

Lake, river, stream, estuary, marine, coastal, or
other major category of waterbody.

Sutula et al. 2006

Stoddard et al.
2006

Smokorowski et al.

2015

This Report.

This Report.
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APPENDIX A

Table A 1. Metadata from reviewed literature.

Reference Id

Paper ID Number

Reference Authors and Year of Paper

Publisher Journal or Report Series Name

Title Title of the Paper

Location Country/State or Province, Country/Country in alphabetical
order

Ecosystem Freshwater, Marine

Habitat Type

Estuary, Lake, Near-shore, Pond, River, Stream, Wetland

Habitat Function

Cover, Ecosystem Function, Food, Migration, Nursery,
Rearing, Spawning

Biological Physical Response

This category describes the broad response examined in the
paper and is defined by the paper. Terms or categories are
grouped when necessary

Development Type

Defined by the paper but broad categories are used

Intervention

The type of intervention defined by the paper but similar
techniques have been grouped

Data Type

The type of data collected for describing the response
metrics

Monitoring Design

This is the design employed to determine if change has
occurred (comparator)

Standardized Protocol

What standardized protocol was used, this has to be named
in the paper

Before Monitoring (Years)

Number of years before the impact

After Monitoring (Years)

Number of Years after the Impact

Years Post Intervention

Number of Years Post Intervention

Number of Control Sites

Number of Control Sites

Number of Altered Sites

Number of Altered or Impacted Sites

Statistical Analyses

What analysis was used in the paper to test for a change in
habitat/other types of modeling that are used to develop
indices or scores

Rapid < 1 Day

Was the survey rapid, most papers don't call their surveys
rapid and rapid can mean different things. This provides a
standardized evaluation of the amount of effort
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Table A 2. Extracted data from reviewed literature.

Referen
ce

Refere
nce ID

Publishe
r

Title

Location

Ecosys
tem

Habitat
Type

Habitat
Function

Biological Physical Response

Development
Type

Intervention

Data
Type

Monito
ring
Design

Standardized
Protocol

Before
Monito
ring
Years

After
Monito
ring
Years

Years
Post
Interven

tion

Numb
er of
Contr
ol
Sites

Numb
er of
Altere
d
Sites

Statistical Analyses

Rapi
d < 1]
day

{Adomat
i o etal.
1997

[The use of
rapid
bioassessment|
lprotocols to
describe fish
land benthic
Imacroinvertebr|
jate
lcommunities in:
three creeks
near the Little
River National
ildlife
Refuge,
Mccurtain
ICounty
[Oklahoma

US Fish

land
ildlife

Service

United States/Oklahoma

Freshw
later

[Stream

[Ecosystem
Function

Fish
[Assemblage/Macroinvertebrates

Industrial Sites

None

IQuantit
jative

[2]

IUSEPA Rapid

i it
Protocols for
IStreams and
Rivers

None

IAlbertso
2 netal.
2013

How does
restored
lhabitat for
chinook
lsalmon
Research [(oncorhynchus
land tshawytscha)
IApplicatiolin the merced
ns river in
lcalifornia
lcompare with
lother chinook
streams?

River

United States/California

Freshw
later

IStream

Rearing

ISalmon Density Per Discharge

Mine

IChannel Reconstruction

IQuantit
jative

P

C

USEPA Rapid

i it
Protocols for
Streams and
Rivers

19

ICompare
Distributions/Correlation/P
ICA

IYes

(Alford
2014

Multi-scale
lassessment of
lhabitat and
[stressors

Hydrobiol
logia

United States/Louisiana

Freshw
later

[Stream

Al

Fish Assemblage

Multiple
[Stressors

None

Mix

Rando

[Sample

USEPA Rapid

it
Protocols for
IStreams and
Rivers

Not
Descri
bed

Partial Redundnacy
(Analysis

tAngradi
let al.
2009

Using stressor
lgradients to
determine
reference
lexpectations
[for great river
ffish
lassemblages

[Environm
lental
Monitorin
lg and
IAsessme
int

United States

Freshw
[ater

River

[Ecosystem
Function

Fish Assemblages/Physical
Habitat/Water Chemistry

Multiple
|Stressors

INot Described

IQuantit
jative

Py

C

[Environmental
Monitoring and
Assessment
IProgram for Great
River Ecosystems

Many -|
Not
descri
bed

ICumulative Density
Function

[Anton et
jal. 2011

Restoration of
[dead wood in
Basque stream|
channels:
Effects on
lbrown trout
opulation

[Ecology
lof
Freshwat
ler Fish

[European Union/Spain

Freshw
fater

IStream

[Spawning/R
learing

Fish Density

[Snagging

lLarge Wood Addition

IQuantit
jative

BACI

INone

{Anova

IYes

(Arthur
land
Kauss
2000

[Sediment and
Benthic
ICommunity
Assessment of
the St. Marys
River

Ontario
Minsistry

[Environm
lent

ICanada/Ontario

Freshw
fater

River

[Ecosystem
[Function

Macroinvertebrates/Water
IChemistry

Industrial Sites

INone

IQuantit
jative

Rando

ISample

INone

Correlation/Discriminant
Function Analysis/PCA

Uncl

Benedet
i-Cecchi
7 land
(Osio
2007

Replication
land mitigation
jof effects of
Iconfounding
/ariables in
lenvironmental
impact
assessment:
Effect of
Imarinas on
rocky-shore
lassemblages

MEPS

[European Union/Italy

Marine

Near-
shore

[Ecosystem
Function

|Algae
[Assemblage/Macroinvertebrates

Marina

INone

IQuantit
jative

[«]

INone

{40

{Anova/Permanova

IYes

Bennett
8 let al.
2009

Gitxsan  |Bioassessment]
Forest  [of streams in

ICanada/British Columbia

Enterpris |Northwest BC

Freshw
jater

[Stream

[Ecosystem
Function

Macroinvertebrates

Forestry

INone

IMix

RC

ISkeena
IBEAST/USEPA

Rapid

143

Discriminant Function
{Analysis/NMDS

IYes
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Numb|Numb
. : : Monito : Befqre Af[e_r Years er of | er of Rapi
Refere[Referen |Publishe Ti : Ecosys| Habitat | Habitat . . : Development : Data - Standardized |Monito|Monito| Post -
itle Location : Biological Physical Response Intervention ring " " Contr |Altere| Statistical Analyses |d <1
nce ID ce r tem Type Function Type Type Design Protocol ring ring [Interven| ol d day
Years | Years | tion n "
Sites | Sites
lesand |using the ic it
Westfras [Skeena Protocols for
ler Mills  [BEASTO09 Streams and
Ltd. Rivers
Linking
Wetland
Functional
Rapid
fissessment IA Horizon Biomass/Cation
: Models with "
Soil S Exhange Capacity/Flood
. . IQuantitative "
Berkowit[Science Hydrological Freshw lEcosystem Frequency/Ground Vegetation lQuantit
9 zetal. [Society of| 4 9 United States/Louisiana Wetland Y ICover/O Horizon Biomass/Shrub- [Deforestation ~ [None . RC Hydrogeomorphic [0 1 1-20 21 {45 Pearson's Correlation IYes
-7~ land later Function - lative
2013 IAmerica Biogeachemic ISapling Density/Snag
ournal lal Density/Tree Basal Area/Woody
Debris Biomass
Measurements
lacross a
Restoration
IChronosequen
lce
IA comparison
lof rapid
bioassessment|
bonad fﬁ:{ﬂal of proztoco!s used ::Eeri‘zn Penninsula
onada . [in 2 regions . . . . api
10 et al. Qg:ﬁﬂgﬁjn ith Lbf?iré:n Peninsula/South g{:rshw Stream Ezﬁaﬁ:m Macroinvertebrates glLrjtle“siloers None StiL\‘/E:enm RC ic 1t/So [0 0 0 7 {4 None lYes
2006 lpical M‘editerranean ut‘h African Rapid
Society climates, the ic it
Iberian
Peninsula and
[South Africa
IAn evaluation
lof rapid
) ater i nent CABIN/MNRF/OB
Borisko [Quality jprotocols for Freshw [Ecosystem uantit IBN Rapid
11 let al. Research [stream benthic [Canada/Ontario [Stream A Macroinvertebrates None INone Q RC " P 0 o] o] 0 11 {Anova IYes
A ater [Function ative ic ts/T
2007 Nournal offinvertebrates RCA
Canada [in Southern
[Ontario,
ICanada
improved fish
jand
bournal of[Crustacean . .
12 3%50?2 égg::fd gz;si?:ers |Australia/New South Wales ;r:rshw eR;\;ﬁr/Str INursery g:;sst:gsan Passage/Fish (Agriculture IFlood Gate Control (a)!iuvaenm BACI  [None 0 1 o] 8 ] Permanova IYes
9y [following
floodgate
remediation
Macroinvertebr|
Science [ate community
of the  Jassembly in
13 aBIng”"Mg‘To1a| lbools created |United Kingdom ;’:rsh"" Wetland Eﬁzzﬁfm ’C"';I‘C""’“’e"eb’a‘QS/PhVS'COC“em'FlowAnerauon IPool Addition S“L\‘/aem" RC  [None o o 510 |0 po ,\NA"‘;'dDe?S’/'\l‘;'e"rm anova ves
[Environm |during
lent peatland
restoration
Assessing
North Responses of
IAmerican |Fish to Habitat
1a  [Canm et ounal offEnhancement (Canada/Northwest Fresi Isiream  |Migration  [Fish Passage Mine Fishway Quanit laci - None (R R P B [chisquare No
Managem(Streams of the
lent Northwest
[Territories
[Testing a rapid
Floristic
IChambe Ecologicaquamy Index
rlain and lon headwater . . [Freshw - (Gradient of IQuantit IRapid Fish Quality
15 Brooks IHinw' lwetlands in United States/Pennsylvania later Wetland |All Floristic Assemblage IStress None ative RC Index 0o 0 o 0 87 {Anova Yes
2016 lcentral
Pennsylvania,
USA
ICianfran |(to be Gfgg:sé‘:g;ﬁfs Freshw Ecosystem IGeographic Condition/Physical IUSEPA Rapid
16 ietal subminedi'1 Fairmount United States/Pennsylvania later IStream Funcﬁon Habitat/Riparian Urbanization INone Mix RC ic it o] o] 16 {426  [None IYes
2001 0 the Park [Condition/Macroinvertebrates Protocols for
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Refere
nce ID

Referen
ce

Publishe
r

Title

Location

Ecosys
tem

Habitat
Type

Habitat
Function

Biological Physical Response

Development
Type

Intervention

Data
Type

Monito
ring
Design

Standardized
Protocol

Before
Monito
ring
Years

After
Monito
ring
Years

Years
Post
Interven
tion

Numb
er of
Contr

Sites

Numb
er of
Altere
d
Sites

Statistical Analyses

Rapi
d < 1
day

Philadelphia,
PA

Streams and
Rivers

17

ICohen
et al.
2006

Nournal of
he
IAmerican
ater
Resource
[

Vegetation
based
classification
trees for rapid
lassessment of
lisolated
etland
condition

IAssociati
lon

United States/Florida

Freshw
fater

Wetland

Al

Floristic Assemblage

[Agriculture/Urba
nization

None

IQuantit
jative

Py

C

Wetland Condtion
Index

o

73

120

Classification
[Trees/Regression Trees

lYes

18

ICooper
man et
jal. 2007

[Streambank
Restoration
Effectiveness :
Lessons
Learned from al
IComparative
IStudy

Fisheries

ICanada/British Columbia

Freshw
later

[Stream

ISpawning/R
learing

In-Channel
Habitat/Macroinvertebrates/Ripari
lan Vegetation

No Development|

Bank Stabilization

IQuantit
jative

Py

C

None

3-8

11

16

{Anova

19

ICordell
land Toft
2012

2010
Invertebrate
[Monitoring at
Duwamish
Waterway
Restoration
[Sites : Hamm
Creek,
Herring's
House,
Northwind's
eir, and
Kenco Marine

US Fish
jand

ildlife
Service

United States/Washington

Marine

Estuary

[Ecosystem
Function

Benthic
Meiofauna/Macroinvertebrates/Ri
parian Insects

Industrial Sites

IAdding Off-Channel
Features/Planting
[Emergent and Riparian
/egetation/Reduce
IArmoring

IQuantit
jative

INone

{4-11

[Permanova

IYes

20

de
Bikuna
let al.
2015

Development
lof a multimetric|
lbenthic
Imacroinvertebr,
jate index for
lassessing the
lecological
condition of
Basque
streams (north
lof Spain)

Fundame
intal and
\Applied
lLimnolog

[European Union/Spain

Freshw
later

[Stream

[Ecosystem
Function

Macroinvertebrates

Urbanization

None

IQuantit
jative

Py

C

None

15

Box-Wisker Plots/U-test

Uncl
lear

21

de
Mutsert
land
ICowan
2012

IA Before-After-
IControl-Impact
(Analysis of the
Effects of a
Mississippi
River
Freshwater
Diversion on
Estuarine
Nekton in
Louisiana,
USA

Estuaries
land
Coasts

United States/Louisiana

Marine

Estuary

Nursery

Nekton

Dyking

Freshwater Diversion

IQuantit
jative

INone

14

13

IMDS/Permanova

Uncl
lear

22

Doll et
jal. 2015

Evaluating the

leco-

lgeomorphologi

lcal condition of

restored

streams using
isual

Is
lassessment
IAssociati land

on

Hournal of|
he
IAmerican
ater
IResource

Imacroinvertebr,
late metrics

United States/North Carolina

Freshw
fater

IStream

[Ecosystem
[Function

Physical
Habitat/Bedform/Macroinvertebrat]
les/Mophologic Condition

Urbanization

Bank Stabilization

Mix

RC

INCSU Stream
IPerformance
Assessment

1-15

42

114

Multiple Regression/PCA

IYes

23

Doll et
jal. 2016

Can rapid
lassessments
lpredict the
lbiotic condition
lof restored
Istreams?

ater

United States/North Carolina

Freshw
jater

[Stream

[Ecosystem
Function

Physical
Habitat/Bedform/Macroinvertebrat|
les/Mophologic Condition

Urbanization

Bank
Stabilization/Channel
Modification/Large Wood
IAddition

IMi

X

RC

INCSU Eco-
IGeomopholgical
Assessment/NCSU|
Stream
Performance
Assessment/Peter
son's Riparian
IChanne and
[Environmental
Inventory/USDA

Stream Visual

65

Multiple Regression/PCA

53



Numb|Numb
. : : Monito : Befqre Af[e_r Years er of | er of Rapi
Refere[Referen |Publishe Ti : Ecosys| Habitat | Habitat . . : Development : Data - Standardized |Monito|Monito| Post -
itle Location : Biological Physical Response Intervention ring " " Contr |Altere| Statistical Analyses |d <1
nce ID ce r tem Type Function Type Type Design Protocol ring ring [Interven| ol d day
Years | Years | tion n "
Sites | Sites
Assessment
Protocol/lUSEPA
Rapid
i it
Protocols for
IStreams and
Rivers
ldentifying
watershed,
landscape, and|
lengineering IChannel and Floodplain
Doll et design factors . Freshw [Ecosystem |Landscape/Macroinvertebrates/R [Multiple IReconstruciton/Large IQuantit [Targete . .
P4 lal. 2016 ater that influence United States later Stream [Function estoratio‘r)\ Design SIresZors 'ood Addition/Rock ative  [d EPT o 0 1-10 0 o PCAIRidge Regression |Yes
[the biotic IAddition
condition of
restored
streams
Response of
lsecondary
lproduction by
Entrekin Imacroinvertebr, .
25 et al. Freshwat lates to large  [United States/Michigan Freshw IStream [Ecosystem Macroinvertebrates Deforestation  [Large Wood Addition Quantit ICl INone i 2 o] 3 ] {Anova No
009 ler Biology| 0od addition later Function jative
in three
Michigan
streams
Effects of
ood addition
lon stream
cologicalbenthic
26 ::é;%slst :E ngineeri E%Z:fgﬁfng [European Union/Spain g{:rshw IStream Ezﬁaﬁ:m m:lt):irgtnvertebrates/PhysmaI Deforestation  [Large Wood Addition SﬁL‘n/aenm BACI  [None i 1 o] 4 {4 Mixed-Effects/Permanova |Yes
ng lseasons at
both habitat
land reach
scales
IAquatic  |Restoring
IConserva [connectivity for|
Franklin [tion: Imigratory
land Marine  |native fish in a Freshw lQuantit
27 Bartels |and New Zealand |New Zealand t [Stream  |Migration  [Fish Assemblage/Fish Passage [Bridge Retrofitting Culvert i BA INone 3 3 0 0 1 {Anova No
etal.  [Freshwat [stream: ater auve
2012 fer leffectiveness
[Ecosyste [of retrofitting a
ms ipe culvert
IA mapping
IGoodma |Restorati t:‘gmggeawe_o Freshw lQuantit Rando Not  [Not
28 netal. |on 9V jnited States/California Stream  [Rearing Physical Habitat/Hydrology Dam Not Described None 0 o o Descri [Descri [Mixed-Effects No
015 |Ecology salmon habitat later lative ISample bed  |bed
response from
restoration
Rapid
IGeomorphic IChannel Stability
land Habitat Ranking
pournal Offgyreapm IScheme/Pfankuch
cbors American ?sssssmem Ehalnn?l Stability
abberfi echniques valuatoin
b fidetal [V inform United StatesiNew York 1M Istream [ECOSYSIEM o channe Haitat [uitple None Qualiaie lproceedure/USEP o [0 o b b lanova Ves
2014 |0 Restoration IA Rapid
Differently ic it
(55052 Igaseq on lProtocols for
Levels of [Streams and
[Stream Rivers
Disturbance
IAquatic
IConserva |Artificial riffles
ion: lin river
Harper |[Marine [rehabilitation: " .
30 et al. land ISetting the United Kingdom Z{;Shw IStream Esﬁiﬁfm _(? eo;m;'l?g%g:;ﬂ:ges No DevelopmentfArtificial Riffles gt'i'\'/aenm Targete INone o 1 3 o] 120 Pearson’s Correlation IYes
1998 Freshwat [goals and by
ler Imeasuring the
[Ecosyste [successes
ms
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Refere
nce ID

Referen
ce

Publishe
r

Title

Location

Ecosys
tem

Habitat
Type

Habitat
Function

Biological Physical Response

Development
Type

Intervention

Data
Type

Monito
ring
Design

Standardized
Protocol

Before
Monito
ring
Years

After
Monito
ring
Years

Years
Post
Interven
tion

Numb
er of
Contr

Sites

Numb
er of
Altere
d
Sites

Statistical Analyses

Rapi
d < 1
day

31

Heady
et al.
2015

Assessing
California's
lbar-built

Ylestuaries using|

the California

ndicator

Rapid
Assessment
Method

United States/California

Freshw
fater

Estuary

Nursery

Biotic Structure/Buffer and
Landscape
IContext/Hydrology/Physical
Habitat

No Development|

INone

Qualitati
e

Rando
m

ISample

California Rapid
Assessment
Method

132

ISpearman's Rank
[Correlation

IYes

32

Hilderbr
land et
jal. 1997

ICJFAS

Effects of large|

oody debris
lplacement on
Istream
Ichannels and
benthic
Imacroinvertebr|
ates

United States/Virginia

Freshw
later

[Stream

[Ecosystem
Function

Habitat Types/Macroinvertebrates

Deforestation

lLarge Wood Addition

IQuantit
jative

[2]

None

{Anova

33

Howell
et al.
2012

Restorati
lon
[Ecology

Responses of
Fish to
Experimental
Introduction of
[Structural
'oody Habitat
in Riffles and
Pools

IAustralia

Freshw
later

IStream

[Ecosystem
Function

Fish Assemblage

Multiple
[Stressors

lLarge Wood Addition

IQuantit
jative

BACI

INone

{Anosim

Uncl

34

Howson
et al.
2009

River
Research
jand
IApplicatio
ns

Fish
lassemblage
response to
rehabilitation off
la sand-
Islugged
llowland river

IAustralia

Freshw
later

IStream

[Ecosystem
Function

Fish Assemblage

Multiple
[Stressors

lLarge Wood
IAddition/Sediment
Removal

IQuantit
jative

BACI

INone

[Permanova

35

limonen
let al.
2012

Freshwat
ler
IScience

Responses of
Ispring
Imacroinvertebr,
late and
bryophyte
lcommunities to
lhabitat
Imodification:
lcommunity
lcomposition,
Ispecies
richness, and
red-listed
lspecies

[European Union/Finland

Freshw
later

[Stream

[Ecosystem
Function

Bryophyte/Macroinvertebrates

Multiple
[Stressors

None

IQuantit
jative

Py

C

None

55

120

Beast

36

Nohnson
land
Ringler
2014

cologic:

[The response
jof fish and
Imacroinvertebr|
jate
lassemblages
[to multiple
essors: A

lcomparative

ndicator

lanalysis of
laquatic
lcommunities in
la perturbed
[watershed
((Onondaga
Lake, NY)

United States/New York

Freshw
fater

IStream

[Ecosystem
Function

Fish
IAssemblage/Macroinvertebrates

Multiple
[Stressors

INone

Mix

Rando

m
ISample

INew York State
[Department of
[Environmental
Conservation -
Macroinvertebrates|
USEPA Rapid

i it
Protocols for
IStreams and
Rivers

=}

17

Pearson's Correlation

No

37

Mun et
jal. 2012

Internatio
nal
Nournal of}
Environm
lental
Research
jland
Public
Health

(A Multimetric
Benthic
Macroinvertebr|
jate Index for
the
Assessment of
[Stream Biotic
Integrity in
Korea

Korea

Freshw
jater

[Stream

[Ecosystem
Function

Macroinvertebrates

No Development|

INone

IQuantit
jative

Py

C

Korean Benthic
Macroinvertebrate
Index of Biological
Integrity

112

1276

PCA

IYes

38

Kireta et
jal. 2012

[Ecological
I

Planktonic and
periphytic
diatoms as
lindicators of

ndicator

stress on great

United States

rivers of the

Freshw
jater

River

[Ecosystem
Function

Periphyton
Diatoms/Phytoplankton Diatoms

Multiple
[Stressors
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APPENDIX B
Inclusion Criteria
Is the population or habitat aquatic? Yes/No
Is the habitat used by fish spawning, rearing, foraging, or migrating? Yes/No

Does the study evaluate mitigation/restoration/offsetting/environmental stressors on habitat
function? This includes indicators, indices, or raw data that are used to characterize how
habitats function as spawning ground, nursery, rearing, food supply, or migration areas;
including if these functions have changed due to some human-induced change to the
habitat. Yes/No

4. Does the study use rapid assessment techniques? The study should not rely on extensive
data collection (e.g., many years) within a monitoring event. Yes/No

5. Need to answer yes to all for a study to be included. Reviews or assessments of multiple
standardized monitoring programs can be put into a Review folder that can be used as
needed.

6. Is the study a review or does it demonstrate the development of new methods or metrics?
Yes/No
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APPENDIX C

Table C 1. Url for government websites and databases. We used a reduced search term list for
government databases because most websites did not allow multi-faceted search strings. The reduced
search term list included: Aquatic Rapid Assessment Method, Marine “Rapid Assessment” Monitoring,
Rapid Bioassessment Protocol, Near Shore Monitoring, Marine “Habitat Assessment”, Rapid Assessment
Protocol, Estuary Monitoring, and Rapid Lake Assessment.

Source

URL

Web of Science

Scopus

Canadian Science Library
Science.gov

Australian Government — Department of the
Environment and Energy

New Zealand - Ministry for the Environment

National Oceanic and Atmospheric
Administration

European Union — Openaire

Gov.uk

British Columbia — EcoCat

Alberta Government

Ontario Government

https://apps.webofknowledge.com

https://www.scopus.com/

https://science-libraries.canada.ca/eng/home/

https://www.science.gov/

http://www.environment.gov.au/

http://www.mfe.govt.nz/

http://www.noaa.qov/

https://www.openaire.eu/search/find?keyword

https://www.gov.uk/

http://a100.gov.bc.ca/pub/acat/public/welcom
e.do

https://open.alberta.ca/publications

http://govdocs.ourontario.ca/
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APPENDIX D

We present a table that includes examples of indicators that could be used for functional
monitoring. This is not meant to be an exhaustive list, but is to illustrate the types of indictors
relevant to functional monitoring of the five habitat types outlined in the Fisheries Act. Indicators
are broadly categorized into: 1) Physical, 2) Water quantity, 3) Water chemistry, and 4)
Biological indicators. Commonly used metrics are also presented. All indictors and metrics can
be used across system types unless indicated. Most indicators are based on Smokorowski et al.
(2015) with other indicators added based on our review. The amount of variability and spatial
(site, reach, watershed) and/or temporal scale (daily, weekly, season) at which the variability
occurs will differ among indicators. The use of indicators with high variability should be avoided
in a functional monitoring program, as they will require intensive sampling to generate precise
estimates. Indicator variability should be considered when selecting indicators (see Indicator
Selection section).

Table D 1. Examples of indicators and metrics that could be used for functional monitoring of the five
habitats outlined in the Fisheries Act, adapted from (Smokorowski et al. 2015 and references therein). Xs
indicate if the indicator (rows) may potentially be useful for assessment of a given habitat (columns).
Spawning habitat is defined as habitat that provides the environmental conditions necessary for
successful spawning. Nursery habitat is defined as habitat that provides better than average conditions
for larval and young-of-the-year fish to grow and survive to the next life stage. Rearing habitat is defined
as the area, and the environmental conditions within the area, that support fish growth, survival, and
production during the life history stages, from the end of the young-of-the-year or post-larval stage to the
adult stage (i.e., usually ‘juvenile” life stages). Food supply is defined as ecosystem components that
contribute to the production of food for fish and are considered fish habitat by the Fisheries Act. Migration
habitat is defined as habitat that provides connectivity between all essential habitats (e.g., spawning,
nursery, rearing, and food supply habitats), and is required to ensure fish reproduction, growth, and
survival at different life stages. This is not an exhaustive list of indicators.

>

o a
c = =
= 5 = © =
= 5 § 5 @8
Indicator Metric d =z & & S

Physical Substrate % spawning substrate,
substrate embeddedness, X

substrate composition,
geometric mean substrate size

Cover All systems - % macrophyte
cover, bathymetric roughness,
density of large woody debris;
streams and rivers - %
undercut bank, % boulder; % X % X
marine coastal and estuaries -
% macroalgae cover, %
biogenic habitats
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Indicator

Metric

Spawning

Nursery

Rearing

Food Supply

Migration

Habitat type

Area of habitat types: streams
- riffles, pools; rivers - slow
and fast water; large rivers
and lakes - ratio of benthic and
pelagic areas; marine coastal
and estuary - tide channel,
seagrass and marsh habitat

Water
guantity

Water depth

Stream, rivers, lakes - mean
depth,% change in water
depth between spawning and
incubation (may require the
use of data loggers)

Water velocity

Streams and rivers - mean,
maximum, minimum, gradient

Discharge

Streams and rivers - mean,
maximum, minimum (may
require the use of data
loggers)

Water
chemistry

Oxygen

Incubation environment
dissolved oxygen
concentration

Water column dissolved
oxygen concentration

Sediment
concentration

Suspended sediment
concentration

Turbidity

Temperature

Mean, maximum, and
minimum spawning
temperature (may require the
use of data loggers)

Mean, maximum, minimum
temperature (may require the
use of data loggers)
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Indicator Metric g 2 £ & s
pH Mean, maximum, minimum X X
Salinity Parts per thousand X X
Nutrients Nitrogen concentration X X X
Phosphorous concentration X X X
Periphyton abundance X X X
Biological Fish Presence of spawning fish X X
assemblage
Presence of larval or juvenile X X X X

fish

71



APPENDIX E

We outline a potential approach for the development of a checklist of standardized indicators for
the FPP’s in-water activities and Pathways of Effects (POE) (DFO 2018b). The checklist
consists of a series of potential indicators that could be used to assess changes in habitat
associated with each of the endpoints from the Pathways of Effects models (Table E1 and
Figure E1). The checklist could be used to assemble a project-specific monitoring protocol.
First, the project context is considered, which could include the ecosystem (e.g., freshwater or
marine) and types of in-water activities that will be conducted during the project. Based on the
in-water activities, the relevant pathways of effects and their endpoints are identified. The user
would then check off the standardized indicators that correspond to the identified endpoints and
add them to their data collection forms. This approach would not preclude other indicators from
being measured, such as the amount of habitat affected by the project and/or indicators specific
to species at risk.

For this example, each indicator has been identified for measurement in either freshwater (F), or
marine (M), or both (F, M) ecosystems. Indicators could be further categorized by system type
(e.g., stream, river, lake, estuary, or marine coastal) and/or habitat function (e.g., spawning,
rearing, nursery, food supply, and/or migration habitat). This set of indicators is not complete,
and is only for illustrative purposes. Note, 1) additional pathways suggested for some activities
(e.g., Dredging — see: fish passage pathway if relevant to changes in hydraulics) have not been
considered here, but could be incorporated by working through the Fish Passage POEs; 2)
endpoints that examine direct or potential mortality (e.g., In-water activity: Use of industrial
equipment, POE endpoint: Potential mortality of fish/egg/ova from equipment), sublethal effects
(e.g., In-water activity: Use of explosives, POE endpoint: Lethal or sublethal effects on fish), or
other pathway-specific indictors that are not related to habitat function have not been presented
but could be considered in future versions of this approach.
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Table E 1. Checklist of standardized indicators for in-water activities and Pathways of Effects endpoints
(DFO 2018b) that could be used for functional monitoring X’s indicate if the indicator (rows) may
potentially be useful for assessing a given in-water activity potential effect endpoint (columns).Project
POEs would be identified, and for each POE endpoint ecosystem-specific suites of indicators would be
assigned to a monitoring protocol. Indicators that are used for marine assessments are denoted by M,
and those that are used for freshwater assessments are denoted by F.
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Figure E 1. Pathways of Effects for in-water dredging activities (DFO 2018b). The pathway endpoints
(rounded boxes) indicate the final effect of the activity on fish habitat. Indicators are assigned to endpoints
in the checklist (Table E1).
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