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Aquatic effects monitoring programs for diamond mine
projects in the North are required to monitor project-related
changes to lake productivity. To date, these monitoring
programs have focused on characterizing the chemical and
biological conditions at pelagic (open-water) locations (e.g.,
water chemistry, chlorophyll a concentrations, phytoplankton, and zooplankton). Pelagic monitoring programs make
sense in deep lakes, with little to no littoral zones, but the
majority of small northern lakes are shallow and have
extensive littoral zones.
Littoral productivity can have a substantial influence on
lake ecosystems. Shallow lakes possess large littoral zones
with an abundance of surfaces available for attached algal
colonization. Although productivity on a cellular basis is
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similar between phytoplankton and attached algae, the large
surface area available for colonization in shallow lakes allows
for a high contribution by attached algae to the total
productivity pool. Bjork-Ramberg and Anell (1985) observed
high attached algal densities in subarctic Swedish lakes, where
attached algae constituted 70% to 83% of the total lake
primary production. In addition, Lodge et al. (1998) determined that attached algal productivity accounted for 95% of
whole-lake production in oligotrophic Greenland lakes.
Attached algae play an important role in the structure and
function of aquatic food webs and are often considered the
‘‘engine of production’’ in shallow lake ecosystems. Although
a wide array of fish species rely on C fixed by both attached
algae and phytoplankton, aquatic researchers often underestimate the attached algal C contribution to higher trophic
levels in most aquatic systems (Vadeboncoeur et al. 2001).
The littoral zone provides a link between the catchment
area and the open water, acting as both a source and a sink for
nutrients. It also has the capacity to recycle and retain an
internal nutrient load, which effectively increases the
residence time of nutrients within this zone. In contrast, the
open-water zone typically requires a sustained input of
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nutrients for algal growth. Attached algal communities
possess taxa with well defined growth patterns along defined
nutrient gradients (Thomas et al. 2011). This enables them to
assimilate and intercept new nutrients within a useful time
scale (weeks to months rather than days, typical for
phytoplankton), which allows the use of attached algae as a
useful biological monitoring tool.
Attached algal biomonitoring protocols in rivers have
become well established over the past 20 years, but these
protocols have not been widely adapted for use in lakes
(Thomas et al. 2011). Biomonitoring protocols cover a
spectrum in level of effort and costs required, and vary in
the precision of results. Rapid visual assessments, chlorophyll
a and ash-free dry mass analysis, coarse taxonomic level
identification, and pigment assessment by high-performance
liquid chromatography (HPLC) require lower sampling and
analytical effort than high resolution taxonomic identifications, but the results are less precise and often inconsistent
(Thomas et al. 2011). There is evidence that the most
sensitive method for detecting changes in littoral attached
algal communities is species-level diatom counts. However,
all of these existing monitoring methods examine biomass
or standing stock of the attached algal community rather
than overall primary productivity. Therefore, assumptions
must be made, that any changes in standing stock equate to
changes in primary productivity, which in turn will affect
secondary production. Careful and clear explanations of these
assumptions are necessary when making inferences about
overall lake productivity and productivity within the littoral
zone.
The high energy, effort, and expertise required to sample in
the littoral zone has often discouraged its monitoring;
however, taking the following into consideration during the
design of monitoring programs can minimize the difficulty
involved in sampling in this area of a lake:
1. What you measure depends on the question; therefore, it
is important to identify the key ecosystem properties, i.e.,
what is valuable to the ecosystem and to humans.
2. Effort should be based on habitat; define the habitat that is
germane to the question of interest and value of the
ecosystem.
3. Both energy and effort should be expended to emphasize
properties important to understanding ecological thresholds and foodweb linkages within the specific system being
monitored.
4. The inclination to scale up to whole-lake estimates based
on narrow sampling programs should be avoided, unless
sufficient resources and energy are expended to deal with
the heterogeneity of the littoral zone.
One particular diagnostic community that has proven
useful in both river and lake ecosystem studies is the
epilithon, which is the natural biofilm on rock surfaces. The
predominance of rock as a substrate within shallow northern
lakes makes the epilithic community a potentially preferable
study component for 2 reasons:
1. The rock substrate allows for low-impact, direct measures
of community composition and biomass estimates to be
performed in situ with minimal disturbance to the area.
2. The inertness of the rock substrate restricts nutrient inputs
to the epilithon through the biofilm-water interface rather
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than leaching through the substrate, which is possible for
attached algae growing on plants, downed woody debris,
or in the sediment.
Limitations are associated with the epilithic community.
Epilithon is not strictly algae, but consists of a biofilm of
bacteria, fungi, metazoans, and detritus. Therefore, assumptions must be made about the contribution of algae to the
overall response pattern. Epilithon developing on vertical
substrata or within areas with considerable wave action is
more likely to exhibit nutrient limitation and scouring. This
leads to selection for firmly attached taxa, which can bias
overall biomass estimates because loosely attached taxa are
underrepresented. To match research methods, sampling
should be limited to level (<108 slope) surfaces (Turner et
al. 1994). In addition, attached algal community composition
and biomass vary significantly in time and space, both
horizontally and vertically; therefore, detailed baseline studies
to establish existing variability are required prior to project
development.
To collect an in situ epilithic sample, proper techniques
must be used. Turner et al. (1994) refined a scuba-based
technique that uses a specially designed scraper to collect a
quantitative epilithic sample. The scraper is designed to allow
collection of both firmly and loosely attached material from a
5-cm2 area, which allows a more accurate community
assessment. In addition, an adequate volume of eplithic
material can be collected and analyzed by a variety of
techniques (e.g., chlorophyll a, HPLC, and high taxonomic
resolution), which may be desirable to determine the most
appropriate protocol for monitoring development-related
changes. One drawback to this in situ sampling method is
the need for skilled, commercially certified scuba divers,
which may be costly.
In summary, littoral monitoring requires easily tested
hypotheses that focus on specific characteristics of the
attached algal communities. To this end, some form of
guidance on developing a scientifically defensible study
design, implementation of littoral monitoring programs, and
standards of good scientific practice are required. Ultimately,
responsibility for developing such guidance rests with
regulatory agencies. However, development of guidance
should be a collaborative effort between regulators and
proponents, ideally following preliminary site-specific studies.
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As Paracelsus said, ‘‘the dose makes the poison.’’ Put in the
context of ecotoxicology, this infers that the presence of a
chemical in the environment (i.e., contamination) does not
necessarily equate to an impact in wildlife. Instead, it is the
level of exposure of the chemical in the environment
combined with its inherent toxicity that determines the
impact. Although several cutting-edge ecotoxicological
experiments are now being done, the large majority are still
carried out at unrealistic exposure concentrations and
conditions and using endpoints not considered ecologically
relevant. This begs the question ‘‘are we as ecotoxicologists
doing ourselves, and society, an injustice by not carefully
designing hypothesis-driven experiments that determine the
effects of a chemical in the real environment?’’

HANGING ONTO OLD HABITS
Over the years, many publications have questioned the
relevance of standardized testing approaches, so why do we
continue conducting irrelevant exposures and measuring
irrelevant endpoints? One reason may be that, for some
contaminants, we simply do not know the concentrations in
natural systems. Another reason may be that we are
comfortable carrying on with the business-as-usual approach:
standard recipes and exposure methods have existed and we
are content using old models and paradigms. Moreover,
regulatory frameworks are fairly inflexible regarding recognition of new methods and techniques when protocols are not
yet standardized.
This issue of relevance is particularly acute for many of
the emerging contaminants (ECs) such as nanoparticles,
microplastics, and pharmaceuticals and personal care products (PPCPs). For some ECs, as has been suggested for
nanomaterials (that include nanosized microplastics and
some ingredients of PPCPs), traditional ecotoxicity tests are
simply not applicable and could in fact assess a completely
different material than will occur in nature (Park et al.
2014). For nanomaterials, we lack quantitative knowledge
and appropriate methods for detecting and characterizing
these in the environment (Gottschalk et al. 2013). Moreover, many ECs are more sensitive to environmental
fluctuations than many traditional contaminants (e.g.,
affecting how they aggregate and dissociate), and their
toxicity depends not only on exposure concentrations but
also on factors such as their size, shape, and physicochemical
properties in the environment (Park et al. 2014). Emerging
contaminants often fall outside the predictive space of
existing models.
Despite such challenges, policy-makers are demanding the
same old information regarding their environmental impacts.
We argue that it is time to rid ourselves of our bad habits and
begin to design intelligent experiments that are as environmentally relevant as possible.
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TIME TO CHANGE OUR WAYS
We can begin to use some of the new tools available to
design relevant research that can allow us to understand the
impacts of the contamination of a substance in the environment. First, it is critical to identify the exposure concentration
in the environment (USEPA 1998). Data from environmental
monitoring should ideally exist or be collected. However, as
mentioned, for nanomaterials environmental detection is
challenging (Gottschalk et al. 2013). In the absence of
environmental monitoring data, environmental exposure
models can be used to predict potential environmental
contamination (Tiede et al. 2009; Gottschalk et al. 2013).
Thus, even with a deficiency of data, environmental relevance
can and should be applied. Environmental exposure models
have recently been applied for nanoparticles to predict
exposure concentrations (Gottschalk et al. 2013) and in
several cases these models reveal that predicted exposure
concentrations are significantly smaller than exposure concentrations often used in laboratory toxicity studies (Tiede et
al. 2009). This discrepancy suggests that results from many of
the currently published studies are not environmentally
relevant.
Aside from the necessity of discovering and using environmentally relevant concentrations, it is important to consider
environmentally relevant exposure conditions, including:
environmental test media (e.g., salt- or freshwater), test
organisms (e.g., choosing ones with varying feeding strategies
and life-history traits), frequency and duration of exposure
(e.g., chronic or acute exposure), mechanism of exposure
(e.g., dissolved in water, mixed into diet), and timing (e.g.,
considering the life cycle of the organism) (USEPA 1998).
Decisions regarding exposure conditions should be made
according to the environmental fate of the substance of
interest. This includes the fact that for some substances, such
as nanomaterials, environmental fate and toxicity may be
influenced by properties including particle size, state of
aggregation, charge and chemistry, shape, and surface area
(Tiede et al. 2009; Rochman 2013; Park et al. 2014). For
example, nanoparticles tend to aggregate in the water
column, becoming negatively buoyant. As such, exposure in
sediments using benthic organisms may be more appropriate
than in the water column with pelagic species (Tiede et al.
2009). Additionally some nanomaterials, as has been shown
for microplastic debris (Rochman 2013), will accumulate
large concentrations of chemical contaminants from aquatic
habitats, and thus dietary exposures should be conducted
with particles deployed in the field to achieve environmentally relevant exposure conditions.
Because toxicity and contamination are, by themselves, of
little consequence if there is no ecological effect, choosing
ecologically relevant toxicity endpoints is important. As such,
it has been recommended to measure individual survival,
growth, and fecundity. These endpoints can help predict how
populations may persist and thrive in the wild (Chapman
2007). However, laboratory studies tend to be simplistic
when compared to the real environment. Thus, laboratory
conditions should mimic natural habitats as much as possible
and results should be used alongside data on environmental
characteristics of the real world (e.g., GIS maps of key
water parameters) and data from field studies comparing
reference populations to exposed populations (Chapman
2007). Overall, designing studies that integrate these 3
components, environmentally relevant exposure concentrations
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Figure 1. Diagram showing the recommended components for the design of environmentally and ecologically relevant research programs that can produce
data relevant for regulatory communities.

and conditions and ecotoxicological endpoints, will produce
environmentally relevant results relevant to regulatory communities (Figure 1).

ENVIRONMENTALLY RELEVANT RESEARCH IS
POLICY-RELEVANT RESEARCH
As the clock ticks, new chemical substances are produced
and many are later detected as emerging contaminants in the
environment. The quicker we ecotoxicologists produce environmentally relevant information regarding the hazards of such
contamination, the faster that it can be used by regulatory
communities in a risk assessment framework, a process that
may ultimately lead to clean-up, mitigation, and/or prevention.
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Contaminant monitoring and detection of toxic substances
in the environment is essential to the health of humans and
wildlife. Thus, bioindicators are widely used to understand
spatial and temporal trends of environmental contaminants
and their risks to ecosystems. Although aquatic mammals
have been widely used as bioindicators, terrestrial mammalian
species are much less used. Hence, knowledge about the
distribution of environmental contaminants in terrestrial
ecosystems remains relatively limited. This has been, and still
remains, a major information gap in contaminant research.
Many recommendations have been made regarding characteristics that biological indicators may possess, including widespread distribution, high trophic status, sufficient sampling
numbers, restricted home range, and a well-known biology.
Here, we contend that terrestrial mammalian carnivores
can be used as efficient bioindicators for monitoring contaminants in terrestrial ecosystems. Because of the presence of
multiple stressors in the environment, we do not propose
using these carnivores to monitor the physiological effects of
contaminants, but rather use them to detect the presence and
quantify the bioaccumulation and biomagnification of contaminants on a global scale.
Carnivore species that have been proposed as suitable
monitoring species include among others, mink (Basu et al.
2007), red fox (Corsolini et al. 2002; Heltai and Markov
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Table 1. An example of potentially suitable felid and canid species as bioindicators for environmental contaminants at continental scales
North America
Felids

Bobcat
(Lynx rufus)

Europe

Africa

Asia

South America

Eurasian lynx
(Lynx lynx)

Caracal
(Caracal
caracal)

Leopard cat
(Prionailurus
bengalensis)

Geoffroy’s cat
(Leopardus
geoffroyi)

Red fox
(Vulpes
vulpes)

Black-backed
jackal
(Canis
mesomelas)

Raccoon dog
(Nyctereutes
procyonoides)

Chilla
(Pseudalopex
griseus)

Australia

Arctic

Dingo
(Canis
lupus
dingo)

Arctic fox
(Alopex
lagopus)

Canada lynx
(Lynx canadensis)
Canids

Coyote
(Canis latrans)

Red fox
(Vulpes vulpes)

Golden jackal
(Canis aureus)

Culpeo
(Pseudalopex
culpaeus)

Gray fox
(Urocyon
cinereoargenteus)

2012), and raccoons (Burger and Gochfeld 1999). However,
rather than identifying one focal species for global monitoring
of contaminants, we suggest using similar or related species of
terrestrial carnivores among continents to enhance global
comparison of contaminant exposure. For example, in the
United States, bobcats (Lynx rufus) are widespread and
abundant in many areas, occupy a high trophic position, and
have well-defined home ranges. However, they are absent in
the rest of the world. Canada lynx (Lynx canadensis) are
closely related to bobcats with similar behavioral and feeding
habits, thus providing an excellent analogous opportunity. In
addition, more than 10 000 Canada lynx are harvested
annually (Hunter 2011) creating an opportunity for temporal
monitoring projects. Similarly, caracals (Caracal caracal) in
southern Africa are widespread, abundant, and frequently
killed on roads and by farmers, thereby creating sampling and
monitoring opportunities.
Among the canids, a similar analogous trend exists with
coyotes (Canis latrans) and their African equivalent, the
black-backed jackal (Canis mesomelas). Both of these terrestrial carnivores are resilient to anthropogenic pressures, are
widespread and abundant on their respective continents, have
similar physiological systems, and are intensely harvested and
persecuted. Likewise, foxes (e.g., red fox [Vulpes vulpes], gray
fox [Urocyon cinereoargenteus], hoary fox [Pseudalopex vetulus], and Arctic fox [Alopex lagopus]) exist on almost every
continent and, given their physiological similarities, would
provide an excellent focal species for standardizing global
contaminant monitoring.
Terrestrial mammalian carnivores have innate characteristics that make them ideal for contaminant monitoring in
terrestrial ecosystems. They exist on every continent, including the Arctic and, as a group, are therefore suitable for global
contaminant monitoring. To identify a terrestrial carnivore
(or group of carnivores) as a potentially suitable biological
indicator species, we provide a straightforward and simple
guideline of factors to consider below and a list of potentially
suitable species in Table 1.

Wolf
(Canis
lupus)

Hoary fox
(Pseudalopex
vetulus)

trapping, road kills, or even culling. We emphasize that we
do not propose trapping or killing carnivores in areas
where they are vulnerable, declining, or threatened, but
rather opportunistic collection of carcasses from legal
annual harvesting and road kills. The successful collection
of carcasses would require a cooperative effort between
research laboratories, field researchers, hunters and trappers, transportation agencies, and the general public.
2. When identifying a suitable global biomonitoring species,
it should have similar or related species in other regions or
on other continents. This similarity should extend to
physiological equivalents, as well as to behavioral and
feeding habits. Given this consideration, feral cats (Felis
catus) and feral dogs (Canis lupus familiaris), respectively,
likely represent the ideal biological indicator species,
having a worldwide distribution with nearly identical
physiological systems. However, these species may not
be useful for wilderness areas where feral dogs and cats are
likely to be of low abundance.
3. As proposed by previous researchers, we agree that given
the bioaccumulation and biomagnification potential of
persistent organic pollutants along food chains, biomonitoring species should exist at a relatively high trophic level,
because high trophic levels will be susceptible to the
highest accumulation of contaminants.
4. We agree with previous researchers that biomonitoring
species should have a well-defined home range, thereby
easing the task of identifying potential point sources for
contaminants. Although birds of prey are excellent
bioindicators in terrestrial ecosystems, great travel distances when foraging might prevent detection of contaminant point sources. However, they may reflect an
integrated exposure level over a large geographical range.
Thus, we advise selecting a biological indicator species
based on research questions, as well as contaminants
studied.
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After centuries of relative consistency, our environmental
consciousness has evolved rapidly over the last few decades.
Although this Learned Discourse focuses on Ontario’s
(Canada) industrial and public sector developments, parallel
events in other Canadian provinces and American states likely
reflect similar changes in attitude. Two major environmental
catastrophes in the United States provide a graphic example
of recent diametric changes in the corporate mindset.
The first European corporate enterprises in North America
were created specifically to harvest the natural resources of
the continent. Le Compagnie des Cent-Associés was founded
in 1627 by Cardinal Richelieu to expand the French Empire
of New France from Florida to the Arctic. Their charter was
revoked in 1663. King Charles II of England created a Royal
Charter in 1670 establishing the Hudson’s Bay Company,
granting it access to all the resources within the Hudson’s Bay
drainage area.
During the 18th century the British Royal Navy drew on
Canadian forests for ship building. Later, forests were viewed
as an impediment to developing arable land as settlements
grew. Rivers and streams were principal timber conveyance
chutes and transportation routes and were dammed to power
lumber and grist mills. The 19th century experienced
substantial population growth that required taxes on
harvested resources to finance governance and administration.
Britain’s war of 1812 increased the country’s financial
demands, which were partially met by Canada’s bounty.
The confederation of Canadian provinces in 1867 created a
new country to govern and sustain. Industry flourished with
the first pulp mill established in Ontario in 1841; by 1885,
steamers moved goods among the Great Lakes, chemical
production was in place, and the last spike of the Canadian
Pacific Railway was driven home to connect the country from
coast to coast.
The 20th century began with 2 great wars separated by a
depression from 1914 to 1945. The focus for government and
industry was resisting imperialism and surviving financially.
Government prioritized commerce and the utilization of
natural resources, but the environment was of little importance.
A pivotal shift in the value of the natural environment
occurred in 1946, when the Kalamazoo Vegetable and
Parchment Company (KVP) reactivated a pulp mill on the
Espanola River in northern Ontario. The mill was closed by

Abitibi in 1930. Over the intervening 16 years, the river
recovered and tourist fishing camps appeared along the river’s
course to Georgian Bay. The reactivated mill discharge killed
fish, depleted O2, and made the river water undrinkable for
downstream residents. Fishing camp owners charged that
KVP violated their riparian rights and the courts fined KVP
and issued an injunction to ‘‘redirect its waste’’ (effectively
shutting it down). The Ontario government leaped to KVP’s
defense to protect newly created jobs and support a weak
economy. Ontario Premier Leslie Frost passed the KVP Act in
1950 to overrule the court’s decision (Chapter 4, Brubaker
1995). Public sentiment and the courts were on a collision
course with government policy.
Ontario did, however, recognize the importance of
providing quality drinking water and proper sewage treatment
in a growing economy and formed the Ontario Water
Resources Commission in the late 1950s to regulate treatment plants. The Ontario Ministry of Environment replaced
the Commission in 1972 and developed a range of drinking
water and aquatic life objectives by 1979. The Ministry drew
heavily on criteria developed by the US National Academy of
Science (NAS-NAE 1972) and the USEPA (1976) Quality
Criteria for Water. These objectives led to effluent chemical
limits for industry and protected surface water quality for
aquatic life. A standard trout toxicity test for effluents was
published by Ontario in 1983 and later by Environment
Canada in 1990.
The role of the courts grew, using developed chemical and
biological criteria to enforce Canada’s national Fisheries Act
and the Canadian Environmental Protection Act. Substances
that killed fish or altered habitat were defined as ‘‘deleterious.’’ The Regina v. McMillian Bloedel (1978) court case in
Port Alberni (BC, Canada) established that even ‘‘a drop’’ of a
chemical violated the Fisheries Act. The directors of Bata
Shoes in 1992 were found ultimately responsible for lack of
due diligence in the storage of chemicals and paid personal
fines (Mansell and Prill 2003). Significantly, corporate
directors were now individually liable and could be incarcerated for environmental offenses.
Until 1950, environmental protection was inconsequential,
but by 2000 it became a major factor in resource use and
management. Global climate change reinforced the theme of
connectivity as discussion progressed from debatable in 1970,
to credible by 1988, and quantifiable by 1990. Nobel laureate
Al Gore made this complex global issue understandable to the
general public with graphic examples in his 2006 documentary ‘‘An Inconvenient Truth.’’ By the dawn of the 21st
century, the health of every living creature was forever
conceptually linked to the quality of its environment.
Two graphic examples, occurring 20 years apart, demonstrate a major shift in corporate environmental attitude: the
Exxon Valdez oil spill of 1989 and the Deepwater Horizon
event in 2010.
The Exxon Valdez spill exposed poorly prepared and
executed crisis management plans (Holba 2010). Cleanup did
not begin until 2 weeks after the incident. Recovery and
capture equipment were buried under snow; booms were
inadequate and barges, to collect skimmed oil, were absent.
Global coverage by newspapers and broadcasters stirred
public concern but an underdeveloped Internet limited access
to information. Exxon’s stock price recovered a 4% loss in
4 weeks and a year later was up 4% from the prespill
period. Although Exxon experienced landmark fines for the
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Figure 1. Comparison of Exxon and BP share prices after respective oil spills; BP public relation video QR codes.

time, the impact on share price and market capital was nil
(Figure 1).
The Deepwater Horizon incident in April 2010 was
recorded by smart phones connected to the Internet within
hours of the explosion. Social media mushroomed with
reports and video coverage. British Petroleum (BP), the
principal party, was in immediate contact with regulators, and
the expanding physical and visual impacts were broadcast
daily. The BP share price dropped repeatedly as reports of
crew fatalities, fishing bans, the volume of incremental
leakage, shoreline impacts, and failures to cap the well head
were released. Consumers boycotted BP service stations and
products globally and revenues fell as expenses skyrocketed.
The market capitalization of BP stood at $210B before the
event and plummeted to $60B 9 weeks later. Stock prices of
competitors dipped but recovered to finish a year later 20% to
40% above their April price when the rig exploded. The BP
share price recovered and stabilized but remained 20% lower
than before the spill (Figure 1); BP allocated $42B for costs
and fines, but fines may increase by up to another $18B.
The new reality that has evolved since 1950, after 3
centuries of exploitation, is that environmental protection is
now a critical component of today’s business model. In the
fall of 2012, BP released a number of public relation videos
(Quick Response codes in Figure 1) directed to the
public appealing for understanding and forgiveness. This
appeal was vastly different from other previous corporate
crisis responses. Acceptance of responsibility, commitment to

restore local economies, acknowledgment of environmental
impacts, environmental remediation, and support of research
to restore ecosystems are all key themes of the videos.
The imperative for corporations to diligently reduce the
probability and severity of environmental damage is now the
norm. Corporations and directors who ignore the consequences of environmental impact will be punished by a wider
range of stakeholders than ever before—including consumers,
investors, regulators, the courts, and competitors.
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