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Abstract The Canadian Environmental Assessment
Act (CEAA) defines the federal environmental as-
sessment (EA) process for evaluating the likelihood
that development projects (e.g., roads, buildings,
factories) will have impacts on the environment.
Environmental effects monitoring (EEM) programs
for mining and pulp and paper mills under the Federal

Fisheries Act, define the process that is to be used to
evaluate existing effects caused by liquid effluents
discharged by operating facilities. The EA process
occurs before a project is approved, and involves
predicting whether the project is going to cause
significant environmental impacts. The EEM process
occurs after a project is operational, and involves
determining whether an existing project has had or is
continuing to have significant impacts on the envi-
ronment. Ideally, the processes are complimentary,
with the EA process identifying environmental attri-
butes considered important, and the EEM process
demonstrating whether predicted or unpredicted
impacts occurred. The two processes are usually done
in isolation so potential synergies are lost. The point
of this manuscript is to justify bridging the two
processes. We use the aquatic environment as the
example, and briefly describe the EEM process,
aquatic environment indicators, experimental designs,
and typical environmental thresholds, to illustrate
how the EEM and EA processes link.
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1 Introduction

Environmental assessment (EA) attempts to predict
the effects on the environment (land, water, air, socio-
economics) associated with proposed human activity
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(development). Projects are mitigated or may be
deemed unacceptable when effects are anticipated to
be likely, significant and adverse (CEAA, 1999).
Approvals of larger, more complicated projects often
require monitoring of the environment after projects
are constructed and operating. Post-operational mon-
itoring is, thus, a feedback loop that informs of the
consequences of a development on the natural
environment, and can, therefore, be used to modify
future project designs or environmental protection
practices of existing or proposed projects.

EA is focused on valued ecosystem components
(VECs), and predicts effects on VECs, typically using
a stressor-based approach (Dubé, 2003; Dubé &
Munkittrick, 2001). In stressor-based approaches, the
nature and magnitude of changes in chemical and
physical habitat quality of the environment are
predicted based on the conditions imposed on the
environment by the project. Use of stressor-based
approaches assumes an adequate understanding of the
chemical and physical habitat requirements of flora,
fauna and humans (Munkittrick et al., 2000). Pre-
dicted exceedances of physical or chemical habitat
quality criteria are used as evidence of likely,
significant and adverse effects (Axys Environmental
Consulting Limited and Salmo Consulting Inc.,
2003).

Chemical quality criteria, such as those developed
by the CCME (1999) are often derived from labora-
tory toxicity studies of single species exposed to
single compounds. Chemical criteria based on labo-
ratory toxicity studies are typically set to protect the
most sensitive species (often a specific type of algae),
which may or may not be present in a system. Site-
specific quality criteria can be set in a variety of ways,
including taking into account only local, endemic
fauna, or by replacing the toxicity-based numbers
with concentrations based on natural observed back-
ground concentrations. Numeric chemical quality
criteria are typically conservative, and lower than
the concentrations that cause effects in a natural
environment (Kilgour, Dixon, & Paine, 2002).

Habitat quality criteria are often based on observed
relationships between the abundances of valued
species, and measured attributes of their environ-
ments. Such ‘habitat suitability indices’ (or habitat-
biology models), for example, have been developed
for numerous sport fish and game species (Schamberger
et al., 1982). Relationships between habitat features

and biological features (e.g., abundance, biomass, i.e.,
biological VECs) are rarely strong (r 2 values typically
range between 0.2 and 0.6), and are thus rarely able to
provide adequate predictions of future condition.
Further, habitat-biology models are relevant to the
areas where they were developed, and will generally
perform more poorly in areas outside of the geographic
region in which they were developed (Schamberger
et al., 1982).

The stressor-based approach assumes an adequate
understanding of the relationships between physical
and chemical habitat features and the condition of
biological VECs. Where projects are simple and have
impacts on a limited suite of chemical or physical
environmental attributes, the use of the stressor-based
approach can produce an approximate prediction as to
the likelihood of significant and adverse effects on
biological VECs. Where, however, projects are
complex, produce complex effluents, or have complex
interactions with the receiving environment the
stressor-based approach cannot possibly predict the
true biological outcomes associated with a project
(Dubé, 2003; Dubé & Munkittrick, 2001). Post-
operational monitoring is, therefore, critical as part
of the follow-up to environmental assessment. Mon-
itoring focused on the stressors (i.e., stressor-based)
may erroneously declare biological VECs protected
when chemical and habitat quality criteria are not
exceeded. Stressor-based monitoring and chemical
exceedances may also cause practitioners to errone-
ously conclude that significant biological effects have
occurred. Because it is the biology of a system that is
of ultimate concern, post-operational monitoring is
most informative when focused on the performance of
flora and fauna (Kilgour et al., 2005).

Environmental effects monitoring (EEM) is an
effects-based approach that focuses on the ‘perfor-
mance’ of biological indicators. EEM is used by
many agencies to determine whether environmental
quality has been compromised, and in Canada has
become a legal entity under the Fisheries Act to
quantify effects associated with discharges from pulp
mills and metal mines (Environment Canada, 2004).
EEM recognizes that exceedances of water, sediment
or air quality criteria are insignificant if there are no
biological effects in the receiving environment. EEM
also recognizes that there is presently an incomplete
understanding of the potential effects of complex
projects and complex effluents on biological indica-



tors, and that reliance on stressor-based approaches
alone is insufficient. An EEM effects-based approach,
will determine whether changes in environmental
quality have produced important biological effects
(Dubé, 2003; Dubé & Munkittrick, 2001).

Environmental Assessment benefits from the feed-
back from monitoring, while appropriate baseline data
enhances interpretation of post-operational monitor-
ing (Dubé, 2003). A better understanding of EEM
concepts by EA practitioners is considered a neces-
sary step to ensuring that adequate baseline data,
characterizing the pre-project biological performance,
will be collected as part of pre-operational baseline
studies. Baseline studies, as part of EAs typically
focus on quantifying chemical and physical habitat
attributes (as per the stressor-based approach), and
often the presence/absence of ‘indicator’ plants or
animals. Indicator species in EAs are typically
relatively large, long-lived, slow growing, and in
low abundance (e.g., trout, salmon, whales), com-
pared to other plants and animals in the environment
(e.g., benthos, forage fish). VECs with low abundance
and longevity are of dubious value in a monitoring
context because they typically require more effort to
catch or quantify, and physical assessments can be
harmful to the already low population numbers,
depending on the capture techniques (e.g., gill-netting
or electrofishing can be lethal). Further, focus on
presence/absence of key species is potentially prob-
lematic because post-operational monitoring can only
detect impacts after they have occurred, and maybe
only after they are irreversible (see more discussion
below).

EA and EEM practitioners generally operate
independently, and have evolved relatively distinct
jargon that is not easily transferred between the
disciplines. In an attempt to ‘bridge the gap’, this
manuscript provides an overview of EEM programs
developed in Canada for aquatic receiving environ-
ments, and tries to articulate how the methodologies
and endpoints can be incorporated into EA. This
manuscript specifically describes (1) the aquatic
quality indicators used in aquatic EEM programs
and their context, (2) typical experimental designs for
measuring environmental change, and (3) typical
environmental thresholds, benchmarks, or criteria
used to identify ‘significant’ effects. The focus here
is on ecological impacts associated with aquatic
environments, but the general philosophical approach

to linking EA and EEM in other disciplines (e.g.,
terrestrial environments) is expected to be apparent.

2 Aquatic Quality Indicators

The selection of indicators with which to monitor
environmental performance is science based but de-
pendant on the underlying environmental protection
goals, and how those goals are interpreted (Munkittrick
et al., 2000). The Canadian Federal EEM program for
pulp and paper mills and mines provides an example
of how monitoring philosophy and vision guides the
selection of indicators. That program is designed to
monitor fish, fish habitat and the use of fisheries
resources. Those attributes (fish, fish habitat and the
use of fisheries resources) were identified as priorities
on the basis of an underlying vision that a ‘healthy
aquatic system’ provides unimpaired human uses
(Goal 1) and a diverse and functioning aquatic
ecosystem (Goal 2; Figure 1). The human use of fish
resources means that caught fish can be consumed
without risks to health (CCME, 1999). Diverse and
functioning ecosystems are variously defined, but
they generally contain ‘normal’ assemblages of
organisms (e.g., fish, plants, invertebrates). So long
as the diversity and composition (numbers and kinds)
of higher trophic levels are maintained, it can be
argued that the diversity and function (e.g., produc-
tion, transfer of energy through food chains) of lower
trophic levels (e.g., benthos, plants, algae, plankton,
fungi, bacteria) will also be maintained (Kilgour et al.,
2005), even though the composition and diversity of
lower trophic levels may not be (e.g., Schindler,
1987).

The use of higher trophic levels (e.g., fish
communities) as the ultimate indicator of whether or
not the environment is in acceptable condition has
been proposed, for example, in the management of
the quality of the Great Lakes (GLFC, 1997; IJC and
GLFC, 1992; Ryan et al., 2003), as well as for the
assessment of effects of municipal wastewater on
aquatic environments. By identifying a healthy fish
community as a major objective, indicators can be
selected that provide an ‘indication’ of the condition
of the fish community. In an EA context, interest may
be in the fish community if it is considered the
ultimate VEC of interest. Where possible, fish
communities should be monitored, but it may not



always be possible, practical or the most protective of
that VEC.

There are three fundamental considerations when
using fish communities in monitoring programs. First,
quantifying the fish community is generally more
expensive than sampling other components of the
aquatic environment, though sometimes not by much.
Second, sampling the fish community can in itself be
damaging to the resource that we have intended to
protect. Finally, by focusing on the fish community
we provide no early warning of impending impair-
ment, as we will explain in more detail below. Other
surrogate indicators of the fish community may be
better suited to a situation, and some typical examples
include primary producers (algae, submergent and
emergent plants), invertebrates (zooplankton, ben-
thos), and sentinel fish populations.

Benthic macroinvertebrates have been used as
indicators of environmental quality for about 100
years. They are sedentary and thus reflect local
conditions, are small and relatively easy to collect
(most of the time), and the type of benthic community
in a system is often predictive of the kinds of fish that
co-occur (Kilgour & Barton, 1999; Kilgour et al.,
2005). Life spans of most benthic organisms ranges
from 1/2 to 2 years, so they thus respond more
quickly to environmental perturbation than fish

communities and thus provide early warning of
impending unacceptable effects on fish communities.
Benthic community surveys are an integral part of
EEM programs for the pulp and paper and mining
sectors in Canada, and are often required elements in
monitoring programs as part of licenses to operate for
those companies that release liquid effluents to
surface waters.

Population responses of sentinel fish species have
been used extensively in Canada to evaluate both point
and non-point source discharge effects on receiving
aquatic environments. The EEM programs for the pulp
and paper and mining sectors, for example, have
incorporated sentinel fish studies (Environment Canada,
1998, 2004). Sentinel fish studies have also been used
extensively in the US (e.g., Adams et al., 1996), and
Scandinavia (e.g., Larsson, Hallman, & Forlin, 2000)
to evaluate both point and non-point source related
effects. In Canada, sentinel fish populations have
demonstrated non-point source effects associated with
urbanization (Fitzgerald, Lanno, & Dixon, 1999) and
agriculture (Gray, 2003). Sentinel fish species typically
include coarse or forage species like suckers, darters
and minnows in freshwater environments, and coarse
fish and shellfish in marine environments (Environ-
ment Canada, 1998, 2004). Differences in population
parameters such as growth (length or weight at a given
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Figure 1 Schematic showing the relationship between vision, goals, objectives and criteria for aquatic environments.



age), reproduction (gonad size, egg size) and condition
(relative body weight, liver size) between reference and
exposure sites are used as evidence of project-related
effects.

Population responses of sentinel fish species relate
reasonably well to community-level effects. In a
review of older literature, Munkittrick and Dixon
(1989a, b) demonstrated that mean age, energy storage
(condition) and energy use (growth, gonad develop-
ment) are variously affected in a variety of species
(brook trout, walleye, lake trout, arctic char) when the
fish community is altered through over-fishing, stock-
ing programs, or exotic species have invaded. In more
recent work, Adams et al. (1996) demonstrated that
green sunfish grew faster downstream of a bleached
kraft pulp mill on the Pigeon River (western North
Carolina and Tennessee), where the fish community
was severely impaired (substantial reductions in
number of native species). In southern Ontario,
Fitzgerald et al. (1999) demonstrated that assessments
based on creek chub provided similar resolution to
assessments with fish community, but creek chub
responses had more potential for interpreting causes
of effects.

Monitoring at the level of the population reduces
the time lag for individual-level changes to be
detected and allows detection of changes before they
result in community-level consequences (Munkittrick
& Dixon, 1989a). These population-level responses
offer a compromise between the ecological relevance
of community-level changes and the sensitivity of
individual-level responses. Changes in growth, repro-
duction and survival are directly relevant to the
populations, have relatively short time lags (weeks
to months), and are linked closely to physiological
indicators so that there is some ability to trace cause–
effect relationships (Munkittrick et al., 2000). Fish
population characteristics are known to be responsive
to the major constituents of sewage effluents includ-
ing nutrients, low dissolved oxygen levels, synthetic
hormones (Munkittrick & Dixon, 1989a), and are
anticipated to provide evidence of a response prior to
changes resulting in the loss of a species.

Other endpoints are less frequently used in EEM,
but include zooplankton communities, algae, periph-
yton and macrophytes surveys. Being primary pro-
ducers, plants and algae respond to changes in
dissolved nutrients (especially nitrogen and phospho-
rus) and light (shade). These indicators were recently

recommended as part of the suite of possible
indicators for evaluating effects associated with
municipal wastewaters (Kilgour et al., 2005). Meth-
odologies for using these endpoints are well estab-
lished in Canada and have been used at watershed
scales (Chambers et al., 2001; Dubé, Culp, &
Scrimgeour, 1997). Stressor-based endpoints (chemi-
cal and physical habitat features) are typically
integrated into effects-based monitoring in order to
assist in the development of proof of the cause(s) of
observed effects.

3 Experimental Designs

As described in the previous section, the products of
EEM programs are measures that describe some
aspect of the ecosystem considered worth protecting,
or other indicators considered as early-warning or
surrogate indicators. Regardless of what is measured,
a difference in mean measurements between refer-
ence (unexposed to the project) and exposed (to the
project) sites develops the burden of evidence of
project-related effects. We consider the terms ‘expo-
sure’ and ‘impact’ sites synonymous, since they have
both been used in the aquatic monitoring literature to
refer to sites that are within the area influenced by
the project. The term ‘impact’ was used extensively
by Green (1979) in a discussion of typical experi-
mental designs, and is not currently in general use.
The term ‘exposure’ site is more commonly used
now, and recognizes that exposure to an activity or
effluent does not guarantee an impact. In aquatic
environments, exposure sites are typically within
effluent plumes or physical areas that have been
constructed, re-constructed or otherwise modified.
Use of the term ‘impact’ site is necessary here,
because of the history of use in earlier papers on
monitoring designs. The terms ‘reference’ and ‘con-
trol’ sites are also synonymous, and refer to areas that
are outside the area influenced by the project. That is
they will be outside a plume, upstream of a point-
source discharge, or otherwise not within an area that
is physically or chemically altered by the project.
Given those definitions, different experimental
designs are used depending on the type of receiving
environment, and whether there has been the fore-
sight to generate adequate baseline data prior to the
development.



The most fundamental experimental design com-
pares measurements in reference (or ‘control’) and
exposed (or ‘impact’) sites, and is referred to by
Green (1979) as the control–impact (CI) design. In
natural environments, differences in measures of
biological indicators between any two sites are
naturally possible, so differences between reference
and exposure areas might not reflect a project-related
effect (Underwood, 1994; Figure 2a). Where it is
possible to obtain baseline data, differences in mean
responses from before (B) to after (A) the project in

an exposure site may also indicate an effect, though
natural differences from before to after are also
possible (Figure 2b). A project can be implicated for
effects best when changes from before to after differ
in reference and exposure sites (Figure 2c). For
example, a decrease in the numbers of benthic
invertebrate species in an exposure site, and an
increase in the number of benthic invertebrate species
in a reference site might reflect an effect, but a
decrease in the number of species in both reference
and exposure sites might not. The control–impact and

Figure 2 Schematic of a
classic upstream–downstream
comparison often used to
evaluate effects associated
with point-source discharges
in riverine environments. Ide-
ally, the design (a) includes
one reference (C control) and
one exposure (I impact) site,
and data from before (B) and
after (A) a human interven-
tion (i.e., BACI). Data from
before and after in both ref-
erence and exposure sites are
needed to protect against de-
claring there are project-relat-
ed effects when there are
natural spatial differences (b),
and natural trends through
time (c). Differences in tem-
poral trends between refer-
ence and exposure sites (d)
are the most definitive evi-
dence for project-related
effects.



before-after-control–impact (BACI) designs can be
improved by collecting measurements in multiple
control sites, at multiple times before and after the
development (Underwood, 1994), though doing so is
often impractical because of limited resources or time.

When reference sites are part of an experimental
design they should be similar to the exposure sites in
terms of both physical and chemical features, with the
only differences being those related to the develop-
ment. It can be difficult, however, to find reference
sites that are adequately similar to be comparable.
Two general alternative designs may be useful in

these situations. Gradient designs typically rely on a
gradient of exposure to develop the burden of
evidence of an effect (Figure 3). Gradient designs
are often used to evaluate the effects of liquid
effluents (e.g., pulp mill wastes) in river environments
where dilution creates the gradient. A correlation
between biological measurements and the chemical
gradient is then used as evidence of an effluent-related
effect. Gradient designs are also frequently used in
offshore environments to monitor effects associated
with, for example, offshore drilling and oil explora-
tion. Like BACI designs, gradient designs ideally

Figure 3 Schematic of an
alternative gradient design
often used to evaluate
effects associated with
point-source discharges in
riverine environments. Ide-
ally, the design (a) includes
samples that are collected
along an exposure and ref-
erence gradient both before
(B) and after (A) a human
intervention (project). Data
from before to after are
needed to protect against
declaring there are project-
related effects when there
are natural gradients (b),
and natural differences in
the gradient response from
before to after the project
(c). Differences in temporal
trends between reference
and exposure gradients (d)
are the most definitive evi-
dence of project-related
effects.



incorporate multiple gradients running away from the
development activity, with multiple gradients in
reference locations running away from false develop-
ments, as well as data before and after the project
start-up to minimize the likelihood of falsely declar-
ing an effect to be effluent-related. As for control–
impact designs, there is normally a logistical ($) limit
to the amount of before and reference data that can be
collected. Gradient designs have typically been used
in studies of benthic macroinvertebrates, and are
generally impractical for application to surveys of
more mobile indicators (i.e., fish populations and
communities), but gradient studies with small sentinel
fish species like darters are becoming more popular
(Portt, Rogozinski, Kilgour, & Turpin, 2004).

The reference–condition approach (RCA) is pro-
posed when specific reference sites and gradients are
unavailable. The RCA approach has been champ-
ioned using benthic macroinvertebrates, but can be

applied to other indicators including fish communities
(Kilgour, Dixon, Bailey, & Reynoldson, 2000). With
RCA designs, data from multiple reference sites are
used to quantify natural variability. Relationships
between the indicator and naturally occurring back-
ground environmental parameters (e.g., flow velocity,
Figure 4) can be used to account for background
variation in the indicator, but that is not completely
necessary to complete a valid RCA study. Regardless,
the exposure site is considered impaired when
indicator values at the exposure-site fall outside the
expected (normal) range of values as determined from
the reference-site data (e.g., Kilgour, Somers, &
Matthews, 1998; Reynoldson, Norris, Resh, Day, &
Rosenberg, 1997). Data from before the project start-
up are not normally considered important in RCA
designs because the variation among sites is consid-
ered to be greater than any temporal variation. Data
from before project start-up in the exposure site

Figure 4 Schematic of a
reference condition ap-
proach (RCA) design (a)
with one exposure site and
several reference sites. Ide-
ally, samples are collected at
all sites both before and
after the project to protect
against declaring effects
when there are departures
from the normal range of
values (b). A change in the
amount of departure from
the normal range, from be-
fore to after the project is
definitive evidence of an
effect (c), while a site-spe-
cific reference (control) site
upstream would be required
to demonstrate a project-
related effect.



would, however, minimize the likelihood of falsely
declaring the site to be impaired, when it naturally fell
outside the normal range (Figure 4b).

RCA studies have been conducted worldwide and
with varying approaches to the analysis of the data.
RCA-style data are used to judge the quality of major
river systems in the UK (Wright, Moss, Armitage, &
Furse, 1984), Australia (Wright, 1995) and the US
(Hughes, Larsen, & Omernik, 1986). Research scien-
tists from governing Canadian agencies have used the
RCA approach to develop biological criteria for
benthic invertebrates of the Great Lakes (Reynoldson
et al., 1997), the Fraser River system in British
Columbia (Reynoldson & Rosenberg, 1998), and the
Yukon (Bailey, Kennedy, Dervish, & Taylor, 1998),
and for fish and benthic invertebrate communities in
the Moose River Basin of northern Ontario (Kilgour
et al., 2000). Municipal agencies are also implement-
ing the approach for developing biocriteria for benthic
invertebrates of the Oak Ridges Moraine (Maude &
DiMaio, 1996), the Credit River system (Humphries,
personal communication, Credit Valley Conservation
Authority), the Sudbury Basin (Reynoldson, personal
communication) and other Toronto area drainages
(Stanfield & Kilgour, 2006).

4 Environmental Thresholds, Benchmarks
or Criteria

Not unlike for EA practitioners, a significant chal-
lenge to EEM practitioners is in identifying when
effects indicate an unacceptable level of impairment.
In EEM, an ‘effect’ is equivalent to a difference in an
indicator that can be attributed to a project (e.g.,
discharge). To be attributed to a project, those differ-
ences need to be observed over time (before to after
the project), or spatially (between locations or along
an exposure gradient, terms defined below). Differ-
ences that are ‘statistically’ significant have typically
been the evidence used to determine when effects are
unacceptable. Statistical significance, however, is a
test for ‘any’ difference regardless of the magnitude,
and is a mathematical phenomenon that can be
guaranteed by collecting enough replicate samples.
When effects are small and not statistically signifi-
cant, one needs only to increase sample sizes
(replication) to produce a statistically significant
result (McBride, Loftis, & Adkins, 1993). There is

therefore opportunity to question the importance of
effects that are small, even if they are deemed
‘significant’ by a statistical test (Kilgour et al., 1998;
McBride et al., 1993).

EEM practitioners have met some of the chal-
lenges associated with defining ‘significant effects’
over the past 10 or so years, and have developed
criteria for what are considered acceptable and
unacceptable effects. Environment Canada (Kilgour
et al., 2005), for example, has recommended three
sets of criteria for classifying effects on environmen-
tal components such as fish and benthic communities.
These criteria, and others like them, could be useful
in EA if we can predict impacts on these kinds of
biological components. Environment Canada defines
warning-level effects as those numeric or narrative
conditions that indicate that the fish community is
unusual relative to reference conditions (i.e., im-
paired). Second, unacceptable effects are cases when
a biological indicator is already at a condition that
already exceeds a warning level, and that is also
‘trending’ over time towards a severe effect. Where
there is an unacceptable trend, it is recommended that
there be some consideration for identifying and
managing the cause of effects. In an EA framework
this could involve a modification to the project. A
severe effect occurs when the fish community is
impaired (as defined below), or when another
biophysical indicator has a condition that implies
that fish communities are now or will be impaired in
the future in the absence of improvement in environ-
mental conditions. Assuming it is the fish community
that is of ultimate concern, Environment Canada
(Kilgour et al., 2005) has defined a severe effect as a
loss of any non-rare fish species (Table I). This
definition was used because catches of fish are
generally ‘noisy’ (Peterman, 1990) and the likelihood
of being able to detect anything subtler was consid-
ered unlikely.

Two levels of criteria are recommended for
interpreting population responses of sentinel fish
species (Table I). Warning-level effects include
≥10% differences in condition, or ≥25% differences
in gonad size, liver size, growth and age and between
reference and exposure populations. Unacceptable
effects include an increase in the magnitude or extent
of effects on condition, gonad size, liver size, growth
and age over time, or, a ‘stress’-related response
(Munkittrick et al., 2002; Kilgour et al., 2005), or an



increase in mean age in the exposure area over time.
The inability to catch a sentinel species that is known
or anticipated to previously occur in an area would be
consistent with the loss of a dominant fish species (i.e.,
a severe effect on the fish community).

Environment Canada has recommended three
levels of criteria be applied to surveys of benthic
macroinvertebrates (i.e., warning, unacceptable, and
severe; Kilgour et al., 2005). Effects exceeding the
normal range of variation for site-specific reference
sites are considered evidence of potential (warning-
level) effects (Table I). The normal range is statisti-
cally defined as the mean response, plus some
measure of the existing variability, often the region
enclosing 90% or 95% of the possible observations
(e.g., CRD, 2000; Kilgour et al., 1998; Lowell, 1997;
Reynoldson et al., 1997). Indices of benthic macro-
invertebrate community composition that are outside
the normal range of variation justify additional
monitoring over time to track temporal changes. The
EEM programs for pulp and paper, mining and now
municipal wastewater effluents are based on 2 to 3
year periods between monitoring events. The selected
interval can be based on the availability of funds and
whether rapid and large temporal changes are antic-
ipated. Degradation of the benthic macroinvertebrate
community over time could be used as evidence of an
unacceptable effect.

In addition to warning-levels and unacceptable
trends in the benthic community, there are classic
benthic communities that indicate severe impairment
and that have been associated with severe impairment
of the fish community (as defined in Table I). Where
freshwater benthic communities are dominated by one
or a few stress-tolerant species such as the chironomid
Chironomus, or the worms Tubifex and Limnodrilus,
or where there are no benthic macroinvertebrates,
severe effects in the fish community are highly likely.
For example, excessive nutrient enrichment resulting
in anoxia can cause benthic communities to disappear
or be dominated by a few tolerant species (oligo-
chaetes, chironomids), and to have similar impacts on
fish communities. This has occurred, for example, in
the Moose River Basin downstream of the pulp mill at
Kapuskasing (in the 1970s and earlier) when dis-
solved oxygen concentrations were near zero. Impacts
on the benthic community corresponded with an
absence of game fish (walleye, pike) downstream of
the mill. Later, a recovery in the benthic community
(increase in species richness, reduced abundance)
coincided with a recovery in the game fish commu-
nity (BAR Environmental, 1993). Similarly, in marine
environments, severe effects on fish communities are
highly likely when the benthic community is domi-
nated by one or a few stress-tolerant species (e.g.,
Capitella). Therefore, those kinds of benthic commu-

Table I Proposed biological criteria and potential management actions (modified from Kilgour et al., 2005)

Conclusion Action Responses and criteria

Fish community Benthos AFS Plants

Severe Identify
cause and
manage

Loss of any dominant
or non-rare species

Changes that correspond with FC
change, when fish community survey
not reliable (e.g., Chironomus, Tubifex
or Limnodrilus dominant in freshwater,
Capitella dominant in salt water)

Unacceptable Identify
cause and
manage

Degrading (increase in magnitude
or extent)

Degrading (increase in
magnitude or extent)
Stress-related response
patterns1

Increasing age
Warning Monitor >2 SD difference in composition

from reference
>25%–30% difference
from reference in GSI,
LSI, growth, age

Gross
changes2

>10% difference from
reference in condition (K)

1 As defined by Munkittrick et al. (2002)
2 As defined by Kilgour et al. (2005)



nities should be considered to be evidence of severe
impairment.

With primary producers a variety of criteria are
possible depending on the specific endpoint. Dillon
and Rigler (1975), for example, recommended Secchi
disc depths depending on the target fish community,
while Biggs (2000) makes recommendations on per-
cent of the stream bottom that should be covered by
periphyton before concerns are raised. Chambers et al.
(2001) conducted a national review of nutrients and
their impacts on the Canadian aquatic environment
including changes in primary producers. Chambers
and Guy (2004) formulated an approach for setting
standards for nitrogen and phosphorus for two
northern river basins (Athabasca and Wapiti rivers)
in Alberta. Empirical models relating algal abundance
to nutrient concentrations as well as other major
stressors (river discharge, turbidity and suspended
solids) showed that benthic algal biomass was a
predictable function of these parameters. Based on
these relationships, nutrient guidelines of 4 μg/l total
dissolved phosphorus and 93 μg/l nitrate + nitrite− ni-
trogen were set for the montane, lower foothills and
dry mixedwood ecoregions. Effects observed with
primary producers are unlikely to cause any sort of
immediate management reaction, but could be used to
trigger more in-depth investigation.

5 Linking EA and EEM

Two coincident changes to how EAs and EEMs are
carried out would substantially improve both pro-
cesses. First, harmonization of the VECs used in
both EA and EEM would ensure that the EA process
(1) develops baseline data for VECs that assess the
significance of effects, and (2) predicts effects on
VECs that can later be evaluated. The EA process
should consider including biological VECs (such as
those described earlier) that can later be monitored
using acceptable and tested methods. It would also be
helpful if, during the EA process, practitioners
considered VECs that are routinely used in EEM
and for which there are established numeric or
narrative criteria for classifying the severity of effects
(as per Environment Canada, 1998, 2004, and other
recognized sources). EEM practitioners have identi-
fied fish communities, sentinel species, benthic
invertebrates and primary producers as logical mea-

surable components for tracking the effects of a
project on a receiving environment, and there are
few aquatic VECs that could not be addressed by one
of those components. EEM practitioners and scien-
tists, however, should continue to demonstrate the
linkage between VECs in EA and monitoring com-
ponents in EEM, and continue to develop monitoring
components for VECs that cannot be addressed with
the existing suite of components. The EA process
uses a stakeholder consultation process to identify
environmental components of social or scientific
concern. The EEM process has to this point relied
on input from government scientists to identify
biological indicators that can be reliably measured.
The selection of VECs in EA and monitoring tools in
EEM would ideally not be mutually exclusive.

Second, EA practitioners could more frequently
consider implementing EEM-style statistical designs
into baseline studies. EEM-style designs can be used
to (1) demonstrate effects in the pre-development,
existing environment that may be related to other
‘projects’, and (2) develop adequate baseline data for
rigorous post-development assessment of effects.
Rigorous study designs can also be developed to
evaluate cumulative effects of existing and proposed
developments and thus allow practitioners the possi-
bility of quantifying the effects of proposed develop-
ments in the context of existing impacts.

Despite the suggestion that EA and EEM processes
are presently disconnected, there are examples of
linked processes. Offshore exploratory drilling for oil
requires an environmental assessment in Canada, as
well as a post-operational environmental effects
monitoring study. The Canadian Environmental As-
sessment Act (CEAA) requires the EA, while moni-
toring is required under CEAA as well as by federal
and provincial energy boards. The EEM’s typically
involve post-operational inventories of fauna and
sediment quality, though a few projects have integrat-
ed baseline inventories for before–after comparisons.
The large amount of data that has been collected on
exploratory drilling is facilitating the review of the
sector, and may thus result in a reduction of the EA
requirements (Hurley & Ellis, 2004).

In a second example, Slave Lake Pulp Corporation
also conducted rigorous baseline studies on the Lesser
Slave River during the environmental assessment
process. Baseline studies involved characterization of
the performance of sentinel fish populations (white and



longnose sucker) and benthic macroinvertebrates. Three
years of baseline data from both reference and exposure
locations were collected. Post-operational data are
judged as part of the environmental effects monitoring
requirements that the mill has under the federal pulp and
paper effluent regulations (Gibbons & Munkittrick,
1994). Slave Lake Pulp’s decision to incorporate an
effects-based approach to baseline studies was self-driven.

In a third example, oil sands developers in the
northern Alberta are conducting rigorous aquatic-
environment EEM programs to evaluate the effects
of their developments and inform new developments
of impacts and potential mitigations. The EEMs,
required by their provincial certificates of approval
to operate and EA commitments, produce three-years
of baseline data for riverine reaches that are slated for
development, while reaches downstream of oil sands
developments are monitored every two years to track
changes in water and sediment quality, as well as fish
and invertebrates (Hatfield Consultants Limited,
2005). Interestingly, after carrying out the EEM
program for eight years, the funding companies are
just now examining and articulating how the moni-
tored endpoints address the valued ecosystem compo-
nents identified in the EA process (Gibbons, personal
communication).

EA and EEM have been mainstream disciplines for
10 to 15 years but have operated in relative isolation.
Methodologies developed under EEM with respect to
experimental design can serve the EA process well by
developing data that informs EA practitioners of
potential effects of future projects (as per Hurley &
Ellis, 2004). The initiation of EEM during the EA
process will produce better baseline data, and thus
better information on effects of specific projects.
There presently exist good examples of linked EA
and EEM processes, but better articulation of how the
monitored endpoints (in EEM) relate to valued
ecosystem components (in EA) would further stream-
line and improve the two processes.
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