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Human activities are transforming the 
global environment

1-in-6 children suffer from a neurodevelopmental abnormality, 
mostly of unknown causes.  
10 million U.S. children below age 17 diagnosed with asthma 
(14% population) and 12% suffer from skin allergies. 

http://braindrain.dk

Environmental Releases

More than carbon

http://braindrain.dk/
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Obesity has
doubled in the 
past 30 years 

Diabetes has more 
than tripled since 
1980

Autism spectrum 
disorders have 
doubled in the 
past 10 years

Environmental factors suspected as a
primary cause of rise in chronic disease
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Grandjean et al., 2012

Also linked to:
Cancer
Obesity

Developmental Disorders
Elevated Cholesterol
Endocrine Disruption

50% Reduction in antibody 
concentrations for each 

doubling of PFOS

Epidemiology associates human biomarkers
(blood, hair, nails) with health outcomes, 

so how do we identify the exposure source?
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1. Emissions

2. Deposition

3. Land
4. Ocean

5. Bioavailability

6. Food webs

7. Humans
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Question: What is the exposure source?
Answer:  Direct for air pollution. 

Complex pathways for aquatic toxicants.



1. Emissions

2. Deposition

3. Land
4. Ocean

5. Bioavailability

6. Food webs

7. Humans
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Linking global contaminant releases to health 
in an era of environmental change

PFOS

PCBs



Three Examples

1. Emissions

2. Deposition

5. Bioavailability

6. Food webs

7. Humans
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1. Hydroelectric power expansion and 
indigenous health in Canada

2. Exposures pathways for PFAS from 
drinking water, seafood, and consumer 
products

3. Impacts of climate change on 
methylmercury in Atlantic bluefin tuna

3. Land
4. Ocean



Canadian hydropower 
is an important energy source

~ 8 GW

• New England & NY: 16% of all electricity
• MN & ND: 12% of all electricity

Fossil 
fuels

Hydro
59%

Nuclear

Canadian electricity
generation

O
ther

Developed
78 GW

Potential
160 GW

+ ~ 10%



Hydro dams and methylmercury
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The form of mercury determines its health impact

• Inorganic mercury 
(i.e., quicksilver and HgII)
– Low absorption  (0.01 –

7% avg)

• Methylmercury
– High absorption (>90%) 
– Primarily a central 

nervous system toxin
– Half-life of 50-70 days
– Chelation not effective



Flooding soils causes a pulse in 
methylmercury

Adapted from Schetagne, R., J. Therrien and R. 
Lalumière (2003). "Environmental monitoring at the La 

Grande Complex: evolution of fish mercury levels: 
summary report 1978-2000."
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This has been known for half a century!!



Northern communities are especially
vulnerable to climate change and 

environmental pollutants
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Nunatsiavut, the Labrador Inuit homeland
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MeHg in Flooded Reservoir Increases Rapidly

Schartup et al., 2015

Rapid increase in 
methylmercury in river 
water above saturated soils 
3-days after flooding

Inland cores from 
planned flooded 
region,no organic 
topsoil
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Field sampling downstream of 
Planned Hydro Facility Prior to Flooding
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Methylmercury concentrations projected to 
increase by 10-fold (river) and 2.6 fold (estuary) 



Schartup et al. PNAS under review 17Angsar Walk 2002
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Mean Inuit exposure forecasted to double

Adapted from Calder et al. (2016)



Exposure of sensitive groups greatest concern

Calder et al., 2016



20Calder et al., 2016

Toronto Star 
2016

CBC 
2016



Schartup et al. PNAS under review 21Zarlf et al. (2014)

These dams would increase global 
hydropower capacity by 73%
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Three Examples

1. Emissions

2. Deposition

5. Bioavailability

6. Food webs

7. Humans
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2. Exposures pathways for PFAS from 
drinking water, seafood, and consumer 
products

3. Land
4. Ocean



Detected in 98% of Americans Widely used, anthropogenic

Impacts on communities

Nathaniel Brooks  The New York Times

Distribute globally

(Yeung et al., 2017)
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What are 
poly- and perfluoroalkyl substances (PFAS)?



Slide from: https://ncpfastnetwork.com/printed-materials/

https://urldefense.proofpoint.com/v2/url?u=https-3A__ncpfastnetwork.com_printed-2Dmaterials_&d=DwMGaQ&c=WO-RGvefibhHBZq3fL85hQ&r=DD8wdDVg7ht7-38IFrL4IcTqT0Iry0d9CIDqk5y0nF0&m=TSGhVXu5xJklpMSBi5ZgBjSsMy80sDUwsrPzV6nrp5U&s=py5UqmDZBW__JM1y0tql1fbF4LpnfMGDqyjnSMYzq9s&e=


Drinking water supplies for 6 million Americans 
above provisional guidelines for PFASs
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Point sources

Hu et al., 2016



PFAS are ”Forever-Chemicals” 
F-C backbone does not degrade in nature

CH

H

H

F

F

(Buck et al. 2011; Wang et al. 2017)

All
carbons

Not all
carbons

Perfluoroalkyl 
substances
(CnF2n+1-R)

Polyfluoroalkyl 
substances
(CnFm-R)

PFCAs
(CnF2n+1-COOH)

PFSAs
(CnF2n+1-SO3H)

C4 – C14:
buta-, penta-, hexa-, 
hepta-, octa- (PFOA), 
nona-, deca-, etc.

C4 – C10:
buta-, hexa-,
octa- (PFOS), deca-

F

Long-chain PFASs:
PFCAs, n ≥ 7
PFSAs, n ≥ 6
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More bioaccumulative, more persistent 

>4700 Compounds



Pathways of Human Exposure to PFAS

Sunderland et al., 2019



How quickly will toxicants in ocean food 
webs decline after global regulations?



Parent chemical to perfluorooctane sulfonate (PFOS) 
phased out by 3M between 2000-2002 
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Modeled PFOS in North 
Atlantic seawater (10 m)

X. Zhang et al., 2017
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Large decline in FOSA in Pilot Whales

Dassuncao et al., 2017, ES&T

Juvenile males 9-12 years

PF
O

S 
m

us
cl

e 
ng

 g
-1



33

Decline in legacy PFAS in children likely 
driven by changes in consumer products

Dassuncao et al., 2018, ES&T



Three Examples

1. Emissions

2. Deposition

5. Bioavailability

6. Food webs

7. Humans
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3. Impacts of climate change on 
methylmercury in Atlantic bluefin tuna

3. Land
4. Ocean



water

plankton

small fish

big fish

top predators

methylmercury concentration

Concentrations are x106-107 water

• Neurotoxin
• Impaired cardiovascular 

health
• Endocrine disruptor
• Immunotoxin

104 - 105

Methylmercury is a bioaccumulative neurotoxin

CH3Hg(I)

35
Societal Costs of methymercury exposure in US & Europe > $15 B 

(Bellanger et al., 2013; Grandjean et al., 2012)



Tuna accounts for almost 40% of 
US population-wide methylmercury exposure 

Based on NMFS 
and FAO data

Decadal differences 
2000 – 2010

Sunderland et al., 2018
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Controls on US utilities and products help explain 
30% declines in atmospheric Hg concentrations

Y. Zhang et al., 2016

large-scale decline in atmospheric Hg over the past two decades.
This finding reinforces the major benefits that have been derived
from the phase-out of Hg in many products and emission con-
trols on coal combustion.

Methods
Atmospheric Observations in 1990 to 2010. We include long-term observations
(typically >5 y) for atmospheric Hg0 concentrations and HgII wet deposition flux
at sites worldwide during 1990 to 2014 (Table 1). For all of the measurements,

an ordinary linear regression on the annual means is used to calculate the
trend. Because gaseous phase HgII accounts for less than 1–2% of TGM con-
centrations in surface air, we do not differentiate between Hg0 and TGM in
ground observations (34). We do not include atmospheric HgII concentrations
because long-term records are few and data quality is uncertain (35).

Atmospheric Hg concentration data are available through the Canadian
Atmospheric Mercury Network (CAMNet) (eight sites; https://www.ec.gc.ca/
natchem), the US Atmospheric Mercury Network (AMNet) (nine sites; nadp.sws.
uiuc.edu/amn), and European Monitoring and Evaluation Program (EMEP) (six
sites; www.emep.int) networks. We include an analysis of the Hg0 data mea-
sured at a remote and forested site, Experimental Lake Area, Canada (47.9° N,
93.7° W), during 2005 to 2013. HgII wet deposition fluxes are measured by the
Mercury Deposition Network (MDN) (nadp.sws.uiuc.edu/mdn) and the EMEP
network over North America and Western Europe, respectively. We select 52
MDN sites with at least 10-y data coverage during 1996 to 2013 and 11 EMEP
sites with at least 7-y data since 1990. Atmospheric Hg concentrations have been
measured from commercial aircraft by the CARIBIC project since December
2004 (www.caribic-atmospheric.com). We exclude stratospheric data using
potential vorticity (European Centre for Medium-Range Weather Forecasts:
www.ecmwf.int) and O3 concentrations (36, 37). We exclude biomass
burning plumes if the measured Hg concentration is greater than 2.5 ng m−3.
Also included here are the Hg0 data measured at Mauna Loa Observatory,
Hawaii (19.5° N, 155.6° W), during 2002 to 2013, which also samples the free
troposphere at an elevation of 3,400 m.

Updated 1990 to 2010 Anthropogenic Emissions.We track the installation of air
pollution control devices (FGD, SCR, and ACI) for individual US coal-fired utilities
and calculate the associated Hg emission decline and speciation change based on
the measured capture efficiencies with different coal types and control device
configurations. Fuel type information is obtained from air markets program data
by the US Environmental Protection Agency (EPA) (ampd.epa.gov/ampd). The
installation time and type of air pollution control devices during 2005 to 2011
are from Mercury and Air Toxics Standards (MATS) Information Collection Re-
quest 2011 (www3.epa.gov/ttn/atw/utility/utilitypg.html), with linear extrapo-
lation to 2015 except for ACI, which is from the Institute of Clean Air
Companies (www.icac.com). Hg capture efficiencies for different coal types
and configuration of control devices are based on US EPA measurements
(22). This speciation change over the US is extrapolated to all other de-
veloped countries in North America, Western Europe, and Oceania based on
their similar trajectory of control technology (24). For China, we follow the
change of speciation derived by Zhang et al. (20).

We develop an integrated emission inventory between 1990 and 2010 with
decadal resolution, including improved estimates of HgII and Hg0 speciation

Surface air Hg0 concentrations

U.S. HgII wet deposition      Western Europe HgII wet depositionB C

A

Fig. 2. Trends in atmospheric Hg0 concentrations (A) and HgII wet de-
position fluxes (B and C) from 1990 to present. Observations from the sites in
Table 1 are shown as circles (if trends are statistically significant, P < 0.05)
and diamonds (not significant). The background shows the trends computed
in the GEOS-Chem model driven by our revised 1990 and 2010 anthropo-
genic emissions inventories from Table 2.

(A-D) Atmospheric Hg0 concentrations

(E-F) HgII wet deposition fluxes

A B

E F

C D

Fig. 3. Regional trends for 1990 to 2013 in atmo-
spheric Hg0 concentrations (A–D) and HgII wet de-
position (E and F). Observations for individual years
are shown as squares with linear regression as solid
line. The dashed line is the trend from the GEOS-
Chem simulation using our revised anthropogenic
emissions inventory for 1990 and 2010 (Table 2). The
data are averaged regionally across the sites in Ta-
ble 1 for the free troposphere (A), North America (B
and E), Western Europe (C and F), and high northern
latitude regions (D) (vertical bars show the SDs).
Regression coefficients (slope ± SE) and number of
sites (n) are given (Insets). The SE of modeled trend
is calculated based on the uncertainty range of the
emission inventory (Table 2). North American at-
mospheric Hg0 concentrations are from the CAMNet
(https://www.ec.gc.ca/natchem) and AMNet (nadp.
sws.uiuc.edu/amn) networks and the Experimental
Lakes Area, Canada. North American HgII wet
deposition is from the MDN (nadp.sws.uiuc.edu/
mdn). Observations in Western Europe are from the
EMEP network (www.emep.int). High-latitude sites
include Alert, Canada and Zeppelin, Norway, and
three sites above 60° N from the EMEP network.

530 | www.pnas.org/cgi/doi/10.1073/pnas.1516312113 Zhang et al.
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Observed Trends atmospheric Hg0 (1990-2010)
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Pershing et al., 2015 39

Warming affects fish metabolism and growth, MeHg 
elimination, prey availability, and species habitat



40

Schartup et al., 2019, 
Nature

~50% Increase 
between 

1970-2015

>20% decrease 
between 
1990-2010



Current plateau in global Hg emissions means seawater warming will 
be important factor for methylmercury in marine fish

41Streets et al., 2019, Atm Environ



42

Societal costs of different energy choices have not 
been fully evaluated; unquantified costs are LARGE



Summary

• Hydroelectric power expansion warrants careful consideration.  
Design that minimizes environmental impacts is possible but rarely 
discussed.

• PFAS is consumer products is likely the main exposure pathway for 
the general population outside of contaminated communities 
where drinking water dominates.

• Global regulations can be extremely effective at reducing exposures 
as illustrated for PFOS.

• Regulations on carbon and mercury emissions from coal-fired 
utilities are both needed to prevent further methylmercury 
accumulation in fish
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