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Hydropower accounts for 71% of renewable electrical generation 
worldwide, and installed capacity may more than double by 2050.1 
Major hydroelectric projects involve construction of reservoirs to 
buffer the periodicity of river discharge, meaning hydropower 
typically does not suffer from supply intermittency of other 
renewables such as wind and solar.2 Meanwhile, average greenhouse 
gas emissions are likely substantially lower than fossil fuel alternatives 
per unit energy produced.3 Domestic hydropower production in the 
United States is unlikely to increase substantially in the foreseeable 
future, but imports from Canada play an increasingly important role 
in achieving renewable energy targets in northern U.S. markets.4  
While hydropower presents an attractive alternative to fossil fuels at 
global scales, it radically transforms regional landscapes, rupturing 
local environmental and social systems. In settler-colonial societies 
such as Canada and Brazil, transformation of environments far from 
urban areas predominantly impacts indigenous populations. While 
these impacts have been understood in principle for many years, 
environmental management has relied on reactive mitigation 
measures rather than using potential impacts to screen design and 
development alternatives.5 For instance, reservoir creation increases 
microbial production of neurotoxic methylmercury (MeHg), which 
accumulates in local food webs, but these risks are normally managed 
by issuing food advisories to impacted populations.6, 7 However, 
indigenous populations are increasingly exercising their right to be 
informed of impacts on water resources and food systems before 
development, underlining the need to understand environmental risks 
prospectively.8 Meanwhile, risk mitigation measures have typically 
been one-dimensional, focusing for instance on chemical 
contaminants in traditional foods without accounting for nutritional 
or cultural benefits.9, 10 
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The research program described here proposes tools to forecast 
mercury-related human health risks from hydroelectric projects as a 
function of design and location and to characterize nutritional 
tradeoffs of food consumption advisories. This work aims to create 
generalizable tools to prospectively characterize a broader set of 
interacting risks while supporting the large uncertainties inherent in 
socio-environmental systems. Overall, this work increases the ability 
of planners to anticipate risks associated with hydropower in order to 
develop renewable energies in a way that preserves the integrity of 
food systems and minimizes human health impacts. Here, I describe 
how imports of Canadian-produced hydropower underlies U.S. 
renewable energy plans, how these imports can impact Indigenous 
communities in Canada and how work my colleagues and I have 
undertaken allows for these impacts to be anticipated and managed 
proactively.   

 
Canadian Hydropower, U.S. Energy Transitions and 
Environmental Management 
 
The importance of renewable sources in the United States’ overall 
energy portfolio is increasing quickly, and electrical generation in 
Canada is a key part of this transition. Overall, the proportion of 
domestic electrical generation from renewable sources is expected to 
increase by 43% between 2010 and 2030.11 Beyond domestic 
production, many northern states are relying on imports of Canadian 
hydroelectricity to meet ambitious renewable energy targets. For 
example, between 2005 and 2015, net hydroelectric imports from 
Canada to New England tripled, and at least four separate projects 
are currently under evaluation or construction to expand 
transmission capacity from Canada into the border states of Maine, 
New Hampshire and Vermont.12 Nationally, on average since 1990, 
the United States has increased electrical imports from Canada by the 
equivalent of the installed capacity of Vermont every two years (1 
TWh/year) with imports in 2019 equivalent to electrical generation of 
the Arkansas (>60 TWh).4, 13, 14    

American critics have suggested that importing Canadian 
hydroelectric power contributes to “eco-imperialism by deflecting the 
environmental costs” of an energy-intensive lifestyle onto 
disadvantaged populations in other countries.15 Hydroelectric 
development in Canada transforms environments far from southern 
population centers, disrupting traditional food and social systems of 
local Indigenous populations. For instance, the La Grande 
hydroelectric complex in Quebec flooded over 10,000 km2 of land, 
diverting and diking rivers over 176,000 km2 of traditional Cree 
territory.5 (For comparison, Delaware and Florida occupy surface 
areas of 6,446 km2 and 170,312 km2 respectively.) These changes 
resulted in a loss of (and impairment of access to) traditional hunting 
and fishing territory and mercury (Hg) contamination of key fish
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 species.16 Decades of research have linked excess burden of disease 
among Indigenous populations globally to the loss of nutritional and 
psychosocial support afforded by traditional food systems.17-20 
Hydroelectric development has therefore tended to exacerbate 
existing environmental contributors to health disparities in Canada, 
although a lack of baseline data and rapidly changing diets have made 
the role of hydropower in overall risks difficult to quantify.21, 22 

Legal obligations within the United States to consider non-U.S. 
impacts are subject to interpretation. The National Environmental 
Policy Act (NEPA) requires U.S. federal agencies to undertake an 
environmental impact assessment when an action is likely to have 
“significant” environmental impacts (40 CFR 1500).23 In the context 
of electrical imports, this is triggered by the authority of U.S. 
Department of Energy (DOE) over construction, connection, 
operation and maintenance of electrical transmission infrastructure 
over international borders (10 CFR 205).24 Federal agencies must 
consider transborder impacts in NEPA assessments when these 
impacts are causally related to the proposed federal action.25-27 Recent 
legal arguments that NEPA reviews for electrical imports must 
consider impacts in Canada are based on the observation that 
increased transborder capacity makes future hydroelectric 
development more likely.28, 29 Indeed, the U.S. export market has 
underlain the viability of Canadian hydroelectric operations for 
decades and is a major factor driving expansion of capacity.15, 30 
However, the U.S. DOE has taken the position that projects and 
associated impacts in Canada “will occur regardless of whether DOE 
issues a Presidential permit” and that these impacts must be evaluated 
within the scope of Canada’s “own sovereign laws”.31  
Canada’s sovereign laws leave Indigenous populations subject to the 
judgment of the legislatures far from impacted environments and to 
the government-owned utilities that have been charged with 
developing hydroelectric resources. For instance, the Quebec Court 
of Appeal ruled in 1974 that the La Grande hydroelectric 
development could proceed notwithstanding impacts on the Cree 
owing to the financial losses that Hydro-Québec would otherwise 
suffer, while recognizing the obligation of Hydro-Québec to 
negotiate a settlement.32 Government-owned utilities have historically 
had wide latitude to define the scope, scale and methods of 
environmental, social and human health impact assessments, creating 
a situation likened to “the fox guarding the henhouse”.5 Therefore, 
while the standards for assessment, monitoring and engagement have 
undoubtedly improved since the 1970s, the extent to which impacts  
on Indigenous populations are factored into hydroelectric 
development remains a political question.   
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Hydroelectric Development, Methylmercury and the Inuit of 
the Labrador Coast 
 
The research program described here grew out of a controversy 
surrounding impacts of Muskrat Falls, an 824-MW hydroelectric 
facility under construction upstream from three Inuit communities 
on the Labrador Coast with a total population of roughly 3,000 
(Figure 1). Power generated at Muskrat Falls will be transmitted over 
the Strait of Belle Isle to Newfoundland, replacing the island’s aging 
coal-fired powerplant, with excess being transmitted back to 
mainland North America via Nova Scotia and onward to the U.S. 
market via Maine.33 Muskrat Falls is therefore expected to contribute 
to renewable energy transitions of northeastern North America while 
impacting Indigenous populations in the vicinity of the project. 

It is well-known that development of hydroelectric reservoirs causes 
levels of methylmercury (MeHg), a potent neurotoxin, to increase in 
local fish. Methylmercury (MeHg) is produced by anaerobic microbes 
in soils flooded for hydroelectric development and bioaccumulates in 
local food aquatic food webs.34, 35 This greatly increases uptake of 
MeHg into affected food webs, a process that occurs in all aquatic 
environments as microbes methylate inorganic mercury deposited 
from the atmosphere.36 Virtually all mercury (Hg) present in the 
muscle of fish and marine mammals is MeHg, and virtually all human 
exposures to MeHg are from seafood.37, 38 MeHg is the most toxic 
form of Hg and has been linked to a host of developmental, 
neurologic and cardiovascular risks with clear effects on diverse 
endpoints at exposures typical of moderate fish consumers.39-41 In the

Figure 1: Map showing three 
Inuit communities settled around 
Lake Melville downstream from 
hydroelectric development on 
the Churchill River, Labrador, 
Canada. Planned transmission 
infrastructure to the United 
States is shown in the inset map. 
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 case of Muskrat Falls, however, analysis of likely impacts on 
downstream Inuit was limited by scientific unknowns about how Hg 
and MeHg cycles in estuarine environments, an absence of baseline 
data and poor understanding of the importance of such increases in 
the context of overall exposures. While the government-owned utility 
acknowledges the risk that fish MeHg levels are likely to increase in 
the reservoir but excluded the downstream environment from its 
environmental impact assessment altogether claiming that there 
would be no impacts to assess.42-46  
 
Mercury Cycling Studies and Exposure Forecasts  
 
Our research program set out to characterize the biogeochemical 
mechanisms controlling downstream cycling of MeHg produced in a 
newly created reservoir. Monitoring data from previous hydroelectric 
development suggest that impacts persist up to several hundred 
kilometers downstream.47, 48 However, impacts on downstream 
estuaries had not previously been investigated. The estuary 
downstream from Muskrat Falls, Lake Melville, is the traditional 
fishing territory for Indigenous Inuit, so understanding MeHg fate 
and transport there is crucial to understanding the potential for 
human exposure increases. We characterized inputs, losses and 
chemical transformations of primary mercury species in Lake Melville 
by combining results of chemical analyses of water and sediment 
samples with computer simulations. This work demonstrated that 
strong stratification of northern estuaries concentrates local plankton 
and MeHg delivered from rivers into relatively shallow surface layer. 
This is significant because uptake of aquatic MeHg by plankton is the 
most important step for MeHg entering the food web. This work 
thus suggested that MeHg levels in northern estuarine food webs are 
sensitive to perturbations in river MeHg levels, for example due to 
climate change or hydroelectric development, and was published in 
The Proceedings of the National Academies of Sciences of the United States of 
America in 2015.49   

In order to estimate the likely impact of a newly created reservoir 
on MeHg levels in the environment, we developed a broader 
predictive model around the Lake Melville budget proposed by 
Schartup et al.49. This work synthesized available evidence on the 
magnitude of the MeHg response in newly created reservoirs as a 
function of site conditions and proposed a mechanistic pathway by 
which flooded soil MeHg would propagate through the downstream 
aquatic environment. To reflect the large uncertainties inherent in 
environmental systems, these processes were modeled 
probabilistically, and key parameter values were modeled as  
distributions. The result is a probabilistic forecast for peak MeHg 
levels in the downstream Churchill River and Lake Melville surface 
accounting for the lifetime average importance of each environment 
for the feeding patterns of key species.
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We recruited 1,145 people from the three Inuit communities 

around Lake Melville into a dietary survey and mercury exposure 
assessment in order to evaluate how MeHg increases in key local 
species may impact human exposures. Participants reported their 
consumption of local and store-bought foods over the preceding 
three months. This data was combined with data on present-day 
MeHg levels in the surveyed foods to evaluate present-day MeHg 
intakes. These estimates were evaluated with respect to 
measurements from hair samples supplied by willing participants. 
Forecasted peak MeHg levels in local species were substituted into 
the exposure model to assess the maximum impact of seafood MeHg 
increases on exposures among Indigenous Inuit.   

This work provides a tool to explicitly characterize the likely 
range of changes to MeHg exposures among populations whose local 
environments are impacted by hydroelectric development as a 
function of site properties and assumptions about local and 
downstream cycling. The generalizable framework for forecasting 
MeHg exposures as a result of hydroelectric development and the 
case study of the Inuit around Lake Melville was published in 
Environmental Science and Technology in 2016.50 
 
Risks of MeHg Exposures and Food Consumption Advisories  
 

Food consumption advisories are the default response to 
elevated levels of contaminants in seafood and have been deployed 
extensively following hydroelectric development to control 
exposures to MeHg.6, 51 However, advisories are controversial 
because they can cause targeted populations to lose confidence in 
the safety of traditional foods and because they do not necessarily 
balance risks of contaminants with nutritional, social and other 
benefits.9, 10, 52 Many seafoods are rich in n-3 polyunsaturated fatty 
acids (PUFAs) which are protective on the cardiovascular and 
neurodevelopmental endpoints acted on by MeHg; net benefits on 
these endpoints are thus achieved by selecting fish that are high in 
n-3 PUFAs and low in MeHg.53 Meanwhile, seafoods tend to have 
higher concentrations of a number of key nutrients than most other 
protein sources, exerting protective benefits on a wider range of 
other health endpoints.54 Therefore, the net health impacts of fish 
advisories are highly uncertain and may not be health-protective if 
the avoided MeHg risks are outweighed by risks associated with net 
loss of nutrients from seafood. The final phase of this research 
coupled Hg-related risk forecasts outlined above with a 
characterization of nutritional risks from potential policy or 
individual-level responses in order to characterize net risks of various 
decisions. This workflow is diagrammed in Figure 2.

Figure 2: Coupled social-
biophysical modeling of human 
health risks from hydroelectric 
development and potential dietary 
responses with citations to 
underlying scientific articles. 
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We characterized the significance of local foods for intake of 
calories and a suite of nutrients by cross-referencing dietary intake 
data with government nutritional databases. The dietary survey 
described previously provided data for intake of all local foods and 
store-bought seafood, while data for other store-bought food was 
derived from a government database of subsidies for various 
nutritional foods in remote communities. Results indicate that 
traditional foods account for < 5% of all caloric intake on average 
across demographic groups. However, they account for roughly 70% 
of n-3 PUFAs and a disproportionate share of a longer list of other 
nutrients. This is consistent with previous observations that 
traditional diets play a key nutritional role in indigenous populations 
who face generally high rates of food insecurity.55 While reducing 
intake of local foods would have a large effect on population-wide 
exposures to MeHg both at present day and after flooding, it may 
also have a large nutritional impact. 

To evaluate the competing risks of increased exposures to MeHg 
vs. changes in nutritional sufficiency from consumption advisories, 
we developed hypothetical scenarios for replacement of local foods 
that bounded potential impacts on nutritional sufficiency. We 
evaluated net changes to nutrient intake if community members 
substituted local foods with 1) empty-calorie junk foods; 2) 
vegetables; 3) processed meat; and 4) a representative basket of 
nutritious foods based on current intakes (derived from government 
subsidy data). We also evaluated the impacts of replacing intake of all 
current local foods with local Atlantic salmon, which is a low-MeHg, 
nutrient-rich and primarily marine local food that is unlikely to be 
materially affected by upstream hydroelectric development. Results 
indicate that all scenarios negatively impact overall nutritional 
sufficiency (although Atlantic salmon increases per-capita intake of n-
3 PUFAs and vitamin D). However, intakes of MeHg were reduced 
by about 70% relative to present day. 

We compared the net health impacts of A) reduced nutritional 
sufficiency but avoided MeHg exposures from food substitution vs. 
B) present-day nutritional sufficiency but increased MeHg exposures 
from hydropower by combining statistical relationships between 
intake of foods, nutrients and MeHg vs. neurodevelopmental, 
cardiovascular and cancer. Results showed that impacts from 
increased MeHg exposure are likely smaller than the effect of lost 
nutrients in all substitution scenarios based on store-bought foods 
with the exception of neurodevelopmental impacts which were 
reduced but not eliminated by substitution scenarios. However, 
substitution with Atlantic salmon showed protective effects on all 
outcomes relative to present day. 

This work provided a quantitative framework for evaluating the 
competing risks of food consumption advisories as a strategy for 
controlling exposures to bioaccumulative contaminants, applied in 
the context of hydroelectric development and MeHg on the Labrador
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Coast. It demonstrates that among populations with high levels of 
food insecurity (e.g., Indigenous populations), advisories that have 
the effect of displacing local foods from the diet may exacerbate 
rather than mitigate risks, and that a more health-protective approach 
may consist of encouraging intake of traditional foods that are 
relatively higher in nutrients and lower in contaminants. This work 
was published in Environmental Research in 2018.56 
 
Global Implications and Future Directions  
 
The body of work described here aims to develop tools inform 
decisions about siting and design of hydroelectric projects and risk 
mitigation measures such as food consumption advisories. We 
explored the potential of this work to serve as a screening tool by 
extrapolating forecasts for Muskrat Falls to other potential future 
hydroelectric sites across Canada to the extent possible with publicly 
available information. Findings suggest that >90% of potential future 
hydroelectric capacity is located within 100 km of indigenous 
communities and that impacts on water column MeHg suggested for 
Muskrat Falls may be about a median case. However, more site-
specific risk assessments are required to translate this into 
implications for human exposures. 

Global growth in hydroelectric power is concentrated in 
developing economies of Asia, Africa and South America, where 
governments are seeking to meet both a growing demand for 
electricity and targets for sustainable development.57, 58 However, little 
is known about how design and siting decisions in these contexts 
interact with the local environment to produce MeHg-related risks, or 
how these environmental risks translate into human health risks as a 
function of present diets or dietary alternatives. More research is 
needed to understand the human health implications of the 
worldwide growth in hydroelectric power. 

Overall, hydropower is playing a key role in renewable energy 
transitions in the United States and worldwide. In the U.S., state 
governments have focused on the potential of expanding generation 
capacity in Canada to meet renewable energy targets. However, there 
is increasing legal and social pressure both in the U.S. and in Canada 
to proactively anticipate health and environmental impacts on 
Indigenous populations whose environments are transformed by 
these projects. The work presented here contributes to a more 
proactive approach.  
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