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DIRECTOR’S NOTE
The Stanford Woods Institute for the Environment is dedicated to generating 

knowledge and solutions to sustain people and the planet. It’s a goal that 

requires engaging with decision-makers and practitioners from the local to the 

international levels who can pursue policies and implement solutions at scale 

to confront our intractable environmental challenges. The unique role of the 

institute as an interdisciplinary hub for environmental research at Stanford 

enables fellows, affiliates, researchers, and their students to transcend 

traditional disciplinary boundaries to produce use-inspired, 

fundamental knowledge required to guide policy and action. 

This year, that body of knowledge includes studies 

at the intersection of agriculture with groundwater 

geochemistry; biological oceanography with fluid 

dynamics; business practices with forest and marine 

conservation; and climate change with policy, health, 

water resources, environmental justice, and the muskrat 

population decline. These are just a few examples of the 

kinds of leadership in environmental research that the Stanford 

community provides. Stanford is a global thought leader in nearly 

every field required to chart the course to a more sustainable future. It’s my 

privilege as the director of the Woods Institute to help our world-class faculty 

and students imagine how their expertise and efforts in their home domains can 

be brought to bear on the immense challenges facing our planet.

Chris Field
Chris Field 

Perry L. McCarty Director
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RESEARCH 
AWARDS FOR 
ENVIRONMENTAL 
SOLUTIONS

Major environmental problems are too complex to be solved by any one discipline alone. Since 
2004, Stanford researchers across all seven schools have collaborated on solving such problems with 
support from Environmental Venture Project (EVP) grants offered by the Stanford Woods Institute for 
the Environment. In 2015, the Institute expanded opportunities for Stanford researchers to collaborate 
on solutions by created the Realizing Environmental Innovation Program (REIP), which provides 
additional funding resources needed to show how solutions can be brought to scale.

Priority for both programs is given to projects with the potential to make significant strides in addressing 
such multifaceted challenges ranging from long-neglected tropical diseases to dwindling groundwater 
supplies to drought-fueled wildfires.

Since the EVP and REIP programs began, the Stanford Woods Institute has awarded more than $14.5 
million in grants to 94 research teams representing all seven of Stanford’s academic schools. The 
Institute awarded ten EVP and REIP grants in 2018.
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ENVIRONMENTAL VENTURE PROJECTS

EVP grants support interdisciplinary, high-risk research projects that identify 
and develop real-world solutions. The projects selected for 2018 will each receive 
grants ranging from $21,085 to $200,000 over the next two years:

Tracking Parasite Hotspots: Schistosomiasis is a devasting 
parasitic disease affecting 250 million people worldwide. 
Detecting parasite-carrying snails can assist decision 
makers in managing risk and controlling the disease, but 
traditional monitoring techniques are costly and labor 
intensive. Stanford researchers propose a novel approach 
to assess schistosomiasis risk across large spatial scales, 
integrating field data on vegetation and snail distribution 
with high-definition satellite and drone imagery, artificial 
intelligence and disease dynamics modeling. The goal 
will be rapid, cost-effective assessments of transmission 
hotspots. Giulio De Leo (Biology) and Eric Lambin (Earth 
System Science)

Monitoring Drought with Forest Radar: Droughts can 
cause dramatic increases in large-scale tree mortality and 
fire fuel aridity in forests. To manage risk, forest managers 
need to know the water content of tree canopies, but related 
remote sensing data is either unavailable or at too poor a 
resolution. Stanford researchers will test an upward-facing 
ground-based radar system – previously used to monitor 
ice sheets – at the Jasper Ridge Biological Preserve to see 
if it can measure water content. This technology could 
eventually be used for distributed monitoring networks 
operated by the U.S. Forest Service or other organizations 
to better understand fire risk. Alexandra Konings (Earth 
System Science) and Dustin Schroeder (Geophysics)

Building Solar-Powered Water Treatment: Contamination 
of drinking water is a huge challenge. Chlorination is the 
most common method of disinfection, but it produces 
carcinogenic byproducts and undesirable taste and odor. 
An alternative disinfectant, hydrogen peroxide (H2O2), 
leaves only water and oxygen as byproducts. However, cost 
and safety concerns make H2O2 inaccessible to a large 
percentage of people who need it the most. This project 
will design, build and test a prototype solar-powered 
water treatment system. The system will electrochemically 
convert water and oxygen to produce levels of H2O2 
sufficient to remove pathogens, odors and metals from 
water. Xiaolin Zheng (Mechanical Engineering) and Jens 
Norskov (Chemical Engineering)

Mapping Intersection of Water, Climate and Disease 
Transmission: Understanding the relationship between 
water resources, climate change and mobility can help 
us better understand disease transmission. This project 

will combine detailed ethnographic and epidemiological 
fieldwork with remote sensing of water resources to 
create simulation models exploring future climate change 
scenarios. This effort will create maps to help government 
ministries and nongovernmental organizations develop 
combined economic and epidemiological interventions for 
communities in Africa. James Holland Jones (Earth System 
Science), Alexandra Konings (Earth System Science) and 
Jeff Koseff (Civil and Environmental Engineering)

Controlling Wildlife Disease: Canine distemper virus 
(CDV) is distributed globally and causes fatal disease in 
domestic and wild carnivore species. There is no cure, and 
the mortality rate is 50 percent in adult dogs and 80 percent 
in pups. Epidemics have caused 30 percent declines in 
Serengeti lions, 45 percent declines in Yellowstone wolves, 
and 95 percent declines in island foxes. This project will 
bridge understanding of the genetic variations of the disease 
with models of how, where, when, who and why the disease 
can be transmitted to improve CDV control in wildlife, 
particularly in threatened and reservoir populations. 
Dimitri Petrov (Biology) and Elizabeth Hadly (Biology)

Sonifying the Sea: This project will develop, test and 
deploy novel methods of displaying complex data through 
sound. The researchers will focus on interpreting and 
communicating oceanic data to understand the processes 
affecting rich and complex ecosystems such as giant kelp 
forests and coral reefs. Auditory display using musical 
principles can provide effective translations of many 
cyclical factors that impact the health and survival of these 
ecosystems, ranging from the dynamic patterns of biomes, 
to the effects of climate and other anthropogenic factors. 
Jonathan Berger (Music) and Stephen Palumbi (Biology)

Evaluating Water Safety: Although New Zealand has 
the reputation of maintaining a pristine environment, 
26 percent of its rivers are no longer swimmable due 
to waterborne pathogens, and high concentrations of 
contaminants such as nitrogen, phosphorous and pesticides. 
With these concerns in mind, Stanford researchers will 
develop a pilot freshwater sustainability policy evaluation 
model for the watershed containing Auckland. This work, 
in collaboration with academics and government scientists 
in New Zealand, has the ultimate goal of extending the 
model to the entire country. Steven Gorelick (Earth System 
Science) and Kate Maher (Earth System Science) 
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REALIZING ENVIRONMENTAL 
INNOVATION PROGRAM 

REIP is intended to forward projects from the solution discovery phase of research 
to the validation phase and toward adoption by end users. The projects selected 
for 2018 will each receive grants ranging from $130,000 to $200,000 over the 
next two years:

Optimizing Groundwater Recharge :  Increasing 
groundwater recharge is critical to our water future. 
Spreading basins (ponds with high percolation rates) can 
help, but many cities don’t consider how innovative urban 
water sources, such as recycled water and spreading basins 
can augment recharge. Stanford researchers have developed 
a computational tool called AquaCharge that facilitates 
planning augmented spreading basin systems by optimizing 
technical designs. This project will apply AquaCharge 
to case studies of California’s Santa Clara Valley and the 
Central Valley city of Fresno, comparing insights to draw 
general lessons about planning these systems. Richard 
Luthy (Civil and Environmental Engineering) and Amin 
Saberi (Management Science and Engineering)

Reducing Coastal Risk: Understanding the increasing risk 
posed by coastal floods and erosion and the benefits of natural 
defenses, such as reef and wetland restoration, is critical 
to governments and private industry. This project will 
develop fragility curves, which denote the expected extent 
of damage to structures by extreme events. This data will 
allow risk managers to describe the long-term effectiveness 

of coastal habitats, transfer information to industry models 
and tools and help unlock funding for the conservation and 
restoration of natural defenses. Jenny Suckale (Geophysics) 
and Jack Baker (Civil and Environmental Engineering)

Preventing Wildfire: Wildfires can cause billions of dollars 
in damages and drain the U.S. Forest Service of financial 
resources that would otherwise be available for conservation 
investments. Many of the human-caused fires originate in 
the same hotspots such as mountain passes and highway 
sections. Unfortunately, there is no environmentally-safe 
prophylactic fire-retarding treatment available for use 
in fire prevention. However, Stanford researchers have 
developed an environmentally-benign cellulose-based 
hydrogel that can retain polyphosphate fire retardants on 
target fuels for up to several months following application 
with common spraying equipment. In collaboration with 
Cal Fire, the Desert Research Institute, and the U.S. Forest 
Service, this project will pilot, optimize and validate the 
technology. Eric Appel (Materials Science and Engineering) 
and Craig Criddle (Civil and Environmental Engineering)

Glenn Beltz/Flickr
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Poor Air Quality Leads to Infant Mortality in 
Sub-Saharan Africa

NASA/Jeff Schmaltz Sylvie Bouchard 

Heft-Neal, Sam; Burney, Jennifer; Bendavid, Eran; Burke, 
Marshall. (2018). Robust relationship between air quality 
and infant mortality in Africa. Nature, 559(7713), 254.

In 2015, exposure to particulate matter in sub-Saharan 
Africa led to 400,000 otherwise preventable infant deaths, 
according to a Stanford study published in the journal 
Nature. The study, funded by a 2016 Environmental 
Venture Project grant, showed even modest improvements 
in air quality could lead to substantial reductions in infant 
mortality in developing countries.

Led by Sam Heft-Neal, a research scholar at Stanford’s 
Center on Food Security and the Environment, the research 
team combined 15 years of survey data on nearly 1 million 
births across sub-Saharan Africa with satellite-based 
measurements of particulate matter. 

“The results were sobering,” said Burke. “We find that 
mortality rates are substantially higher for infants exposed 
to higher levels of particulate matter.”

We find that if countries in Africa could 
achieve reductions in particulate matter 

exposure similar to wealthy countries, the 
benefits to infant health could be larger 

than nearly all currently used health 
interventions, such as vaccinations or food 

and water supplements.

— Marshall Burke, Professor of Earth System Science

The researchers found that high particulate matter 
concentrations were responsible for 22 percent of infant 
deaths from 2001 to 2015, about three times larger than 
existing estimates. 
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Research Brief

Jerry Yang & Akiko Yamazaki Environment & Energy Building  |  MC 4205  |  473 Via Ortega, Stanford, CA 94305  |  woods.stanford.edu 

Air Pollution and its Health Impacts in Africa 
Overview

Poor air quality is a known health hazard, especially 
for infants and children. However, the extent of related 
health effects in the developing world is largely unknown 
due to a lack of monitoring and data collection of 
particulate matter levels (PM2.5). Using satellite-based 
measurements to overcome this challenge, a Stanford 
research team determined that air pollution was 
responsible for nearly a quarter of all infant deaths in sub-
Saharan Africa from 2001 to 2015

Key Takeaways and Points for Policymakers

 Current estimates of infant deaths caused by air 
pollution are significantly underestimated. 

 Even a modest reduction in air pollution in developing 
countries could lead to larger improvements in 
infant health than almost any other known health 
intervention, including vaccines and nutritional 
supplements. 

 An improvement in air quality comparable to that 
achieved by the U.S. Clean Air Act could have reduced 
infant mortality by 4.6% and avoided 40,000 infant 
deaths in 2015 in Africa.

 Wealthy households and poor households are affected 
similarly by exposure to dirty air. This finding 
contradicts the common premise that wealth insulates 
households from environmental harm. One possible 
explanation is that the pollutant is small enough 
to penetrate buildings, meaning even wealthier 
households cannot escape exposure.

Stanford scientists calculated the amount of infant deaths due to 
high particulate matter concentrations in 31 sub-Saharan African 
countries. 

Image courtesy of Marshall Burke.
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Background

Although there have been numerous studies on the human 
health effects of poor air quality in developed countries, 
the same is not true for developing countries. To craft 
appropriate policy responses and allocate aid funding 
effectively, a deeper understanding of air pollution and 
health linkages in the developing world is imperative. This 
remains challenging due to lack of data. For instance, in 
sub-Saharan Africa, only two countries have air pollution 
monitoring stations that report to global databases, and 
most countries do not have the vital statistics common in 
developed nations.

The research team’s findings indicate that poor air quality 
affects child health in sub-Saharan Africa much more 
severely than previously understood and suggests adopting 
air quality policies could yield immense health returns. In 
regions where human activities such as industrial activity 
or biomass burning are important sources of air pollution, 
experience elsewhere suggests that policy can improve air 
quality. However, in regions such as West Africa, where 
air quality is particularly bad and a substantial proportion 
of particulate matter derives from non-human dust 
sources, policy should also support adopting approaches or 
technologies that limit exposure to dirty air.

Looking Ahead

Additional research is needed to determine 
the optimal portfolio of health interventions 
and related costs to best protect people—
especially infants and children—in developing 
countries from the effects of poor air quality.

About the Researchers

Marshall Burke is a fellow at the Center on Food Security 
and the Environment, the Stanford Woods Institute 
for the Environment, the Freeman Spogli Institute for 
International Studies, and the Stanford Institute for 
Economic Policy Research.

Jennifer Burney is a fellow at the Center on Food Security 
and the Environment and an assistant professor at the 
University of California, San Diego, School of Global 
Policy and Strategy.

Eran Bendavid is an associate professor of medicine at 
Stanford, a member of the Child Health Research Institute 
and an affiliate of the Stanford Woods Institute for the 
Environment.

Sam Heft-Neal is a research fellow at the Center on Food 
Security and the Environment.

This research brief is based on the Nature article “Robust  

relationship between air quality and infant mortality in Africa,” 

published June 27, 2018.

Photo: Staff Sgt. Daniel J. Martinez, USANG
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Climate Changes Driving Muskrat Decline

Ward, Ellen M; Gorelick, Steven M. (2018). Drying drives 
decline in muskrat population in the Peace-Athabasca Delta, 
Canada. Environmental Research Letters, 13(12), 124026.

Muskrat populations are in decline across North America 
including in the Peace-Athabasca Delta in Canada, part 
of a World Heritage Site. A new study by Ellen Ward, a 
doctoral candidate in Stanford’s School of Earth, Energy 
& Environmental Sciences working with Steven Gorelick, 
Professor of Earth System Science, uses 46 years of satellite 
imagery to show that since the 1970’s, the Delta has been 
drying out, reducing muskrat habitat. 

The study, funded through an Environmental Venture 
Project grant, links this loss in habitat to the decline in 
population of semi-aquatic muskrats.

The semi-aquatic muskrat serves as an indicator species 
for ecological health and is very sensitive to changes in 
hydrologic conditions. These muskrats build “houses” out 
of vegetation in small water bodies in areas susceptible to 
drying out. The researchers were able to map the counts of 
these structures using Landsat satellite images and found 
that suitable muskrat habitat declined 32 percent since 1972. 

“Our result is timely because this UNESCO World Heritage 
Site is currently being considered for designation as a 
wetland with “in danger” status,” said Gorelick.

The ecological impacts are not limited to 
muskrat – they extend far beyond that. 

These results suggest that maybe the 
widespread continental scale decline in 
this animal is actually being driven by 

a large scale loss in wetland and aquatic 
habitat.

— Ellen Ward, doctoral student in Earth System Science

Previous research suggests the drying of the Delta is 
primarily caused by climate change. If the muskrat 
continues to decline, it will impact other species down the 
food chain as well as Indigenous communities in the area 
that rely on muskrat for hunting, fishing and trapping. 

“I hope that this paper shows hydrologists that looking at 
viable habitat through a water lens can actually tell you 
a lot about environmental change as it affects animals – 
traditionally, hydrologists have stayed away from that area,” 
said Ward.

Tom Koerner/USFWS
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RESEARCH 
HIGHLIGHTS

12 STANFORD ENVIRONMENTAL RESE ARCH  2018 YE AR IN REVIEW



Virtual Reality as an Environmental  
Education Tool

Markowitz, D. M., Laha, R., Perone, B. P., Pea, R. D., & 
Bailenson, J. N. (2018). Immersive Virtual Reality Field Trips 
Facilitate Learning About Climate Change. Frontiers in 
Psychology, 9.

Researchers at Stanford and the University of Oregon 
discovered that experiencing a virtual reality (VR) 
simulation of ocean acidification’s effects spurred 
meaningful gains in people’s understanding of the issue.

Working with co-author Roy Pea, Professor of Education, 
Jeremy Bailenson, Professor of Communication, and his 
team brought the “Stanford Ocean Acidification Experience” 
to more than 270 high school students, college students 
and adults. Bailenson and his team also brought their 
demonstration to Washington, D.C., on several occasions, 
giving Congressional staff and ocean policy decisionmakers, 
including Senator Whitehouse, a chance to get a better 
understanding of the issue and the impact of VR. 

After the simulation fast-forwards to what the reef will 
look like at the end of this century, the brilliantly varied 
and colorful species have disappeared, replaced by algae 
and the silver Salema Porgy – a fish that will likely thrive in 
more acidic waters. The simulation is based on the work of 
Fiorenza Micheli, Professor of Biology at Stanford.

We don’t know whether a VR experience 
results in more learning compared to the 
same materials presented in other media 

What we do know is that it increases 
motivation – people are thrilled to do it, 
much more so than opening a textbook 

– and because of the richness of the data 
recorded by the VR system, you can tweak 
the learning materials in real time based 

on how well someone is learning.

— Jeremy Bailenson, Professor of Communication

Photos: Stanford VHIL
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Overpumping Groundwater Leads to  
Arsenic Threat

Smith, Ryan; Knight, Rosemary; Fendorf, Scott. (2018). 
Overpumping leads to California groundwater arsenic 
threat. Nature communications, 9.

Decades of groundwater pumping has caused significant 
subsidence in California’s San Joaquin Valley, damaging 
infrastructure. A new study by Ryan Smith, a recent graduate 
in Geophysics working with Rosemary Knight, Professor 
of Geophysics, suggests that as pumping makes the ground 
sink, it also allows arsenic to move into groundwater 
aquifers that supply drinking water for 1 million people and 
irrigation for expansive crops and farmland.

Arsenic in groundwater has been a 
problem for a really long time. But the idea 

that over-pumping for irrigation could 
increase arsenic concentrations is new.

— Ryan Smith, Geophysics Graduate

“

When pumping draws too much water from the sand 
and gravel areas, the aquifer compresses and land sinks. 
Arsenic-rich water then starts to seep out and mix with 
water in the main aquifer. “We’re just starting to recognize 
that this is a danger,” said Scott Fendorf, Professor of Earth 
System Science and co-author on the study. 

The research shows that remote sensing can contribute to 
better water monitoring by looking at potential threats to 
human health from contamination of groundwater. 

“Instead of having to drill wells and take water samples back 
to the lab, we have a satellite getting the data we need,” said 
Knight. “You’re never sampling a well frequently enough 
to catch that arsenic the moment it’s in the well. So how 
fantastic to have this remote sensing early warning system 
to let people realize that they’re approaching a critical point 
in terms of water quality.”
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California Water: Quantity, Quality and Public Health
Issue Overview

Maintaining a safe drinking water supply is a top priority 
for California citizens and policymakers alike. Multiple 
layers of federal and state laws set strict limits on the 
levels of pollutants deemed safe for human consumption. 
However, through agriculture, industry and resource 
extraction, we have inadvertently created new causes of 
water pollution. This brief is based on recent findings 
detailing how human activities create pathways for 
cancer-causing contaminants, arsenic and chromium, to 
enter California’s groundwater supply. 

Points for Policymakers

 The naturally occurring and benign form of chromium 
(chromium-3) can be transformed into the toxic, 
carcinogenic form of the metal (chromium-6) through 
human activities. This is significant for groundwater 
management as the prevalence of chromium-3 affects 
a far greater area, involving more wells and a larger 
population throughout California than any industrial 
sources of chromium-6; 

 Analyzing California groundwater data has shown 
there is widespread transformation of chromium-3, 
particularly around the coasts and Central Valley, that 
corresponds to groundwater pumping and agricultural 
activity; “hotspots” of chromium-6 are found around 
industrial areas of Los Angeles and throughout the 
San Francisco Bay Area; 

 Arsenic is commonly found in many underground 
aquifers and poses a risk of contamination when those 
aquifers are pumped for drinking water; 

 Over-pumping in the San Joaquin Valley has resulted 
in land subsidence and a significantly increased 
probability that groundwater is contaminated with 
arsenic two to three times greater than World Health 
Organization standards. However, aquifers can recover 
to normal levels if over-pumping is stopped.

Photo: CA DWR
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Background

Water quality is strictly monitored and controlled 
at the state and federal levels by setting maximum 
contaminant levels for chemicals, metals and other toxic 
substances. Chromium and arsenic are both commonly 
occurring elements that, if ingested, can pose human 
health risks, especially bladder, liver and other forms of 
cancer. Hexavalent chromium (or chromium-6) became 
infamous through Erin Brockovich’s fight for the rights 
of residents in Hinckley, California, where drinking 
water was contaminated by the compound. Largely in 
response to that case, California set a state drinking 
water standard to limit allowable levels of chromium-6 
below the EPA standard. 

Hausladen et al. 2018

While water quality has been closely regulated in 
California, water quantity – especially the extraction 
of groundwater – had been largely unregulated until 
the 2014 passing of the state’s Sustainable Groundwater 
Management Act. Groundwater supplies approximately 
40 percent of water usage in California, and is likely to 
play a much larger role in the future. Understanding 
aquifer management will become increasingly critical 
as the state continues to balance future needs with 
sustainable water quantity and quality. 

The connection between water drawdown, specifically as 
it applies to groundwater quality, is just beginning to be 
understood. Additional research in this area is necessary, 
but there is evidence that pumping of groundwater that 
leads to land subsidence also opens pathways for toxins 
such as chromium-6 and arsenic to enter the water supply. 

About the Authors

Ryan Smith received his Ph.D. in geophysics from the 
School of Earth, Energy & Environmental Sciences and 
is now an Assistant Professor at Missouri University of 
Science and Technology.

Scott Fendorf is the Terry Huffington Professor and Senior 
Associate Dean for Academic Affairs in the School of 
Earth, Energy & Environmental Sciences; and a senior 
fellow, by courtesy, at the Stanford Woods Institute for the 
Environment. 

Rosemary Knight is the George L. Harrington Professor 
in the School of Earth, Energy & Environmental Sciences; 
and affiliated faculty at the Stanford Woods Institute for 
the Environment.

This brief is based on the papers Overpumping leads to California 

groundwater arsenic threat by Ryan Smith, Rosemary Knight and 

Scott Fendorf in the journal Nature Communications and Hexavalent 

Chromium Sources and Distribution in California Groundwater by 

Debra Hausladen, Annika Alexander-Ozinskas, Cynthia McClain and 

Scott Fendorf in the journal Environmental Science and Technology. 

Photo: Staff Sgt. Daniel J. Martinez, USANG

Photo: CA DWR
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Hope for Pikas Hit by Climate Change

Solari, K. A., Ramakrishnan, U., & Hadly, E. A. (2018). Gene 
expression is implicated in the ability of pikas to occupy 
Himalayan elevational gradient. PloS ONE, 13(12), e0207936.

As the climate changes and their habitat warms, pikas – 
small, mountain mammals highly sensitive to heat – must 
move to higher elevations to stay cool, but those more 
comfortable temperatures come at the price of less oxygen. 
A study by Katie Solari, a postdoctoral scholar working 
with Elizabeth Hadly, Professor of Biology, suggests a key 
to withstanding that lower oxygen may already be in the 
pikas’ genes. 

Solari hiked up and down India’s Mount Kanamo in Spiti 
Valley, live-trapping pikas, putting them to sleep and taking 
blood samples before returning them safely to their daily 
routine. The research revealed that as low-altitude pikas 
outrun climate change, they may be able to dial certain 
genes up or down to make better use of what little oxygen is 
present in their new, higher-elevation home.

We’re used to thinking about genetic 
adaptation taking thousands of years to 

occur in a species, but what’s exciting 
about this work is that this flexibility in 
gene expression could give at least the 

lower-elevation pika populations a better 
chance than we thought of being able to 
adapt to climate change on these short 

timescales.

— Elizabeth Hadly, Professor of Biology

The team is now working on a follow-on project testing 
pikas from the Minnesota Zoo in a chamber designed for 
high performance athlete training that can mimic higher 
elevation pressure and oxygen levels.

“Once we understand more about which genes can help 
animals adapt, we will know which species are likely to 
thrive and which species lacking those genes are less likely 
to survive as their environments change,” said Hadly.

Katie Solari
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Carbon Capture and Financial Opportunity

Sanchez, Daniel L; Johnson, Nils; McCoy, Sean T; Turner, 
Peter A; Mach, Katharine J. (2018). Near-term deployment 
of carbon capture and sequestration from biorefineries in 
the United States. Proceedings of the National Academy of 
Sciences, 115(19), 4875-4880.

Although considered critical to meeting the world’s climate 
goals, removing carbon dioxide from the atmosphere and 
storing it underground – known as negative emissions – 
has been in question.

Most technologies for carbon removal 
are immature, largely unavailable or 

expensive.

— Katharine Mach, senior research scientist at Stanford’s 
School of Earth, Energy & Environmental Sciences

But researchers at Stanford and other institutions have found 
new hope for cost-effective carbon capture and sequestration 
(CCS). In a paper published in the Proceedings of the National 
Academy of Sciences, they run the numbers on different 

options for removing carbon dioxide from the atmosphere 
in the U.S. and find opportunities where it is not only 
commercially feasible with existing technology, but profitable. 
The researchers presented their findings at a 2018 Stanford 
Energy and Environment series briefing in Washington, D.C., 
where they also convened a private roundtable with DOE 
researchers and briefing with Senate staff.

The research shows one type of bioenergy with carbon 
capture and sequestration (BECCS), could work immediately 
for U.S. ethanol producers. 

“We found that between tax credits for CCS and upcoming 
financial incentives from low-carbon fuel standards, CCS 
is an untapped financial opportunity for ethanol producers 
across the U.S.,” said Daniel Sanchez, a postdoctoral scholar 
with the Carnegie Institution for Science and lead author 
on the paper.

“Negative emissions at biorefineries is commercially ready 
and affordable. It offers a compelling way to build the 
real-world experience we need to develop future BECCS 
technologies,” said Mach.
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Profitable Opportunities for Carbon Removal 
During Biofuel Production
Background
Removing carbon dioxide (CO2) from the atmosphere, 
called CO2 or carbon removal, has a critical role in 
fighting climate change, enabling stringent emissions 
reductions in energy and land systems worldwide. One 
way to achieve such negative emissions is by harvesting 
plants, which grow by removing CO2 from the atmosphere. 
The plant mass, called biomass, is used to generate 
energy, and the resulting CO2 emissions are captured 
and permanently stored in geologic formations deep 
underground. Technologies with this capability, known 
as bioenergy with carbon capture and sequestration 
(BECCS), feature prominently in scenarios that limit 
warming to the Paris Agreement goal of well below 
2°C above preindustrial levels, as assessed by the 
Intergovernmental Panel on Climate Change and others. 

Although potentially essential to achieving climate goals, 
most BECCS technologies are technically immature or 
commercially unavailable. Research and development 
is necessary to reduce costs, improve performance, 
and clarify their sustainable scale. Concerns include 
the viability of large-scale deployments, ranging from 

About the Researchers
This research was led by Daniel Sanchez, a postdoctoral research 
scientist at the Carnegie Institution for Science, in partnership 
with Nils Johnson, International Institute for Applied Systems 
Analysis; Sean McCoy, Lawrence Livermore National Laboratory; 
Peter Turner, Carnegie Institution for Science; and Katharine 
Mach, Stanford University Earth System Science and the 
Stanford Woods Institute for the Environment. 

Photo: Archer Daniels Midland

CO2 from ethanol fermentation has been used for enhanced oil recovery (EOR) and sequestered in deep saline aquifers. The 
Illinois Industrial CCS project in Decatur, Illinois, captures 1 million metric tons of CO2 per year from a corn ethanol facility with 
300 million gallon capacity, for sequestration in the Mt. Simon Sandstone, a saline aquifer.

STANFORD ENVIRONMENTAL RESE ARCH  2018 YE AR IN REVIEW 19



Research Brief

Stanford Woods Institute for the Environment  |  woods.stanford.edu 

2

land and water requirements, to the feasibility of CO2 
pipeline networks, to the commercialization of advanced 
bioenergy technologies. 

In contrast, examples of carbon removal from biofuels 
production already exist at scale. Practiced commercially 
for several decades, fermentation of sugars and starch 
currently produces over 26 billion gallons of ethanol 
each year worldwide. Because ethanol production 
through fermentation produces a high-purity stream of 
CO2, capturing the CO2 and compressing it for injection 
underground are cheaper than from other sources—and 
possible with existing technologies.

In this brief, we examine low-cost, commercially ready 
carbon removal opportunities for existing biorefineries 
in the United States. Our analysis combines process 
engineering, spatial optimization, and lifecycle 
assessment to consider the technical, economic, and 
institutional feasibility of capturing and storing CO2 
through existing infrastructure, technologies, and 
policies. The analysis informs decisionmaking that seeks 
to enhance both near-term and long-term efforts to fight 
climate change by deploying existing technologies and 
developing new approaches for carbon removal. 

Key Findings

Deployment of carbon removal from biorefineries is 
cost-effective:
We identify a near-term financial opportunity for existing 
biorefineries:

■■ There are over 200 U.S. biorefineries in the United 
States, producing the equivalent of 6% of energy 
demand for road transport. These facilities emit 45 
million metric tons of CO2 annually from bioethanol 
production through fermentation, about 1% of U.S. 
emissions. 

■■ 60% of this amount (27 million metric tons of CO2 per 
year) could be captured and compressed for pipeline 
transport for under $25 per ton. 

■■ A sequestration credit, similar to existing tax credits, 
of $60 per metric ton of CO2 could lead to 30 million 
tons of sequestration (equivalent to emissions from 
about 6 million cars taken off the road) and spur 
construction of approximately 4,300 miles of pipeline 
infrastructure.

■■ A carbon abatement credit, similar to existing 
tradeable CO2 credits, of $90 per metric ton of CO2 
could lead to 38 million tons of abatement. 

Photo: Steven Vaughn

Iowa farmland. An ethanol plant in West Burlington, Iowa.

20 STANFORD ENVIRONMENTAL RESE ARCH  2018 YE AR IN REVIEW



Research Brief

Stanford Woods Institute for the Environment  |  woods.stanford.edu

3

■■ Aggregation of CO2 sources enables cost-effective long-
distance pipeline transport to distant storage sites. 

Existing and proposed policies suggest a 
substantial near-term opportunity for deploying 
BECCS:
The U.S. and other countries have developed energy and 
climate policies that could incentivize carbon removal 
from existing biorefineries. These policies exist at the 
sub-national, national, and international level. 

■■ Newly revised tax policy in the U.S. can produce 
revenues for existing ethanol biorefineries. The 
Bipartisan Budget Act of 2018 (H.R. 1892) includes a 
section 45Q tax credit of up to $50 per metric ton of 
CO2 sequestered in secure geologic storage for a 12-
year duration. Smaller tax credits are also available for 
enhanced oil recovery operations. 

■■ Several states and provincial jurisdictions 
(e.g. California, Oregon, British Columbia) have 
implemented low-carbon fuel standards, which are 
market-based policies to reduce the lifecycle carbon 

intensity of transportation fuels over time. These 
systems provide an economic incentive for emissions 
abatement in biofuel production.

■■ California is in the process of adopting a quantification 
methodology and permanence protocol for capture 
and storage of CO2. Should this occur, biorefiners will 
be able to provide an additional source of low-carbon 
fuels for California. 

■■ Canada is currently the largest importer of U.S. 
ethanol. Should it implement a national clean fuels 
standard, it could serve as an additional market driver 
for carbon removal.

■■ In contrast to other policy instruments, the 
U.S. Renewable Fuels Standard (RFS) provides 
limited support for deployment. Nevertheless, 
the U.S. Environmental Protection Agency has 
proposed registration, recordkeeping, and reporting 
requirements to allow carbon removal in the RFS.

Photo: Canadell and Schulze 2014

Bioenergy with carbon capture and sequestration (BECCS) technologies capture and permanently store CO2 emissions released during 
the production of heat, fuels, or electricity from biomass.
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Benefits for carbon capture technology, biofuels, 
and carbon removal:
Carbon removal at biorefineries can have broader 
benefits for deploying carbon capture and sequestration 
technologies. Specifically, it can:

■■ Develop experience in carbon sequestration, project 
finance, and business models for carbon storage and 
carbon removal. 

■■ Begin immediately. Implementation does not rely 
on widespread deployment of costly or unproven 
solvents, sorbents, or membranes, unlike some other 
technologies for carbon removal.

■■ Provide valuable experience for future cellulosic 
biorefineries equipped with carbon removal. Cellulosic 
biorefineries with carbon removal can achieve net-
negative lifecycle emissions. Furthermore, there 
is a geographic overlap between existing ethanol 
biorefineries and potential cellulosic feedstocks like 
agricultural residues and dedicated energy crops.

Points for Policymakers
■■ Ethanol production at biorefineries is a low-cost entry 

point for carbon capture and storage in the United 
States. 

■■ Carbon capture paired with permanent sequestration 
can reduce the carbon intensity of existing ethanol 
production.

■■ The majority of Midwestern biorefineries are not co-
located with suitable sites for geologic sequestration of 
CO2, meaning that planning, permitting, and financial 
incentives for the construction of CO2 transport 
networks would be needed to achieve carbon removal.

■■ Allowing carbon removal in low-carbon fuel standards 
would encourage carbon capture and sequestration at 
biorefineries.

■■ The U.S. Renewable Fuel Standard (RFS) could be 
altered to better incentivize BECCS deployment.

Conclusion
Carbon capture and storage at existing bioethanol 
refineries is a largely untapped financial opportunity. 
The benefits are multiple. It could catalyze the growth 
of carbon capture, transport, and sequestration 
technologies and industries. The lifecycle impacts 
of conventional biofuels would be improved, while 
supporting development of carbon-negative fuels. And 
it can help fulfill the mandates of low-carbon fuel 
policies across the U.S. Furthermore, existing and 
proposed policies appear poised to make carbon removal 
cost-effective. Deploying carbon removal at existing 
biorefineries is an important step forward towards 
understanding the potential for large-scale CO2 removal 
from the atmosphere.

This brief is based on the paper “Near-term deployment of carbon 
capture and storage from biorefineries in the United States” 
published in Proceedings of the National Academies of Sciences 
by Daniel Sanchez, Nils Johnson, Sean McCoy, Peter Turner, and 
Katharine Mach.

Illustration: Sanchez et al. 2018

Existing and planned ethanol biorefineries, saline aquifers 
for permanent storage of CO2, candidate CO2 pipelines, and 
candidate injection sites in the U.S.
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Pricey Fungus Faces Threats from  
Climate Change and Overharvesting

Hopping, Kelly A; Chignell, Stephen M; Lambin, Eric F. 
(2018). The demise of caterpillar fungus in the Himalayan 
region due to climate change and overharvesting. 
Proceedings of the National Academy of Sciences, 115(45), 
11489-11494.

A parasitic fungus, Ophiocordyceps sinensis, that preys on 
ghost moth caterpillars and grows high in the Himalayas 
could disappear if trends in climate change and current 
harvesting practices continue. Demand for the fungus, 
which is thought to be an aphrodisiac and remedy for 
the SARS virus (though this is unsupported by scientific 
evidence), has gone through the roof making it one of the 
world’s most expensive commodities and creating an $11 
billion market. 

A study by Kelly Hopping, an ecologist who conducted 
the research as a postdoctoral scholar working with Eric 
Lambin, Professor of Earth System Science, looked at 
whether demand for the fungus is starting to decline and 
the consequences for the ecosystems it is produced in and 
the communities that depend on it to survive.

Because official harvest records are unreliable, the 
researchers used interviews, case studies, and other data to 
create a model that predicts how much fungus would grow 
in an area given factors like climate and elevation. Results 
showed the fungus is more prolific in higher, colder areas 
near the margins of areas underlain by permafrost.

With warmer winters, permafrost disappears from lower 
elevations and the fungus can only adapt and shift to colder 
upslope habitats if its caterpillar hosts shift as well. If the 
fungus trade is sustained, it could raise the standard of 
living for those whose livelihoods herding livestock are 
being imperiled by climate change. On the other hand, if 
demand continues to rise but supply decreases, it could 
aggravate tensions over access to harvesting area. 

Communities in areas where it’s still 
growing will need to remain vigilant 

about potential conflicts and poaching as 
people seek to harvest this increasingly 

rare and valuable species.

— Kelly Hopping, Ecologist

Photo: Kelly Hopping Photo: L. Shyamal
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Meeting Paris Agreement Targets  
Could Save Trillions

Burke, Marshall; Davis, W Matthew; Diffenbaugh, Noah S. 
(2018). Large potential reduction in economic damages 
under UN mitigation targets. Nature, 557(7706), 549.

Failing to meet climate mitigation goals laid out in the 
U.N. Paris Agreement could cost the global economy tens 
of trillions of dollars, according to a study led by Marshall 
Burke, Professor of Earth System Science. 

Researchers studied how economic performance over the 
past half-century correlated with chang-es in temperature 
and found that most countries benefit economically from 
limiting global warm-ing to 1.5 degrees instead of 2 degrees. 

The projected costs from higher temperatures come from 
factors such as increases in spending to deal with extreme 
events, lower agricultural productivity and worse health, 
the scientists said.

“It is clear from our analysis that achieving the more 
ambitious Paris goals is highly likely to benefit most 
countries – and the global economy overall – by avoiding 
more severe economic damages,” said Noah Diffenbaugh, 
Professor of Earth System Science and coauthor on the 
study.

The countries likely to benefit the most are 
already relatively hot today. The histori-

cal record tells us that additional warming 
will be very harmful to these countries’ 

economies, and so even small reductions in 
future warming could have large benefits 

for most countries.

— Marshall Burke, Professor of Earth System Science
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UN Paris Accord Targets:  
Extreme Events and Economic Effects 
Background
The United Nations (UN) Paris Accord, the first worldwide 
agreement to limit GHG emissions, seeks to hold the 
global average temperature to well below 2°C and limit the 
temperature increase to 1.5°C above pre-industrial levels. 
However, despite the international agreement to pursue 
pathways that hold global temperature rise below 2°C, the 
individual voluntary commitments made by countries to 
scale back their emissions (called nationally determined 
contributions, or “NDCs”) suggest likely global warming 
that is closer to 3°C.

Two recent studies by Stanford researchers attempt 
to quantify the consequences of the different global 
warming goals and commitments articulated in the UN 
Paris Agreement. 

The first study, led by Noah Diffenbaugh, quantifies the 
probability of unprecedented climate extremes for a 
future in which the 2°C goal is met and for a future in 

which only the NDC commitments are met. Extreme 
events pose critical risks to humans and ecosystems. 
Diffenbaugh and his colleagues find that the 1°C of global 
warming that has already occurred has increased the 
odds of record-breaking extreme events. They also find 
that constraining global warming to less than 2°C is very 
likely to limit the risk relative to the 3°C world implied by 
the NDCs, but that the odds of unprecedented extremes 
will still increase in a 2°C world relative to present. 

About the Researchers
Noah Diffenbaugh is the Kimmelman Family Senior Fellow  
of the Stanford Woods Institute for the Environment and the  
Kara J Foundation Professor of Earth System Science at Stanford 
University. Marshall Burke is an Assistant Professor of Earth 
System Science and a fellow of the Freeman Spogli Institute 
for International Studies, the Stanford Woods Institute for 
the Environment and the Center on Food Security and the 
Environment at Stanford University.

Photo: DasWortgewand

Limiting warming to the 1.5°C target is likely to generate tens of trillions of dollars in avoided damages.
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The second study, led by Marshall Burke, quantifies the 
economic damages that are likely to occur at the different 
levels of global warming outlined in the Paris Agreement. 
A major deterrent to achieving the Paris goals is the 
perceived cost associated with the transition away from 
fossil fuels and other GHG emitting activities. However, in 
order to accurately reflect the value of reducing emissions, 
such assessments must also consider the economic 
benefits that arise from avoiding climate damages. Burke 
and his colleagues (including Diffenbaugh) find that 
achieving the 1.5°C global warming target is likely to save 
trillions of dollars in avoided damages relative to the 2°C 
target, with most countries and people in the world likely 
to benefit. They also find that achieving the 2°C target is 
likely to provide substantial economic benefits relative 
to the NDCs. Critically, the magnitude of the economic 
benefits that they calculate are substantially greater 
than the most recent published estimates of the cost of 
achieving the lower global warming targets.

Research Findings – Risk of Extreme Events
The researchers found that human activities have already 
increased the probability of both the hottest day and the 

warmest night over most of the world, including over 
the majority of the geographic area of East Asia, North 
America, Europe and Australia. They also found that 
limiting global warming to 2°C is likely to substantially 
limit exposure to large increases in record-setting hot 
events. For example, more than half of Europe exhibits 
three-fold increases in record-setting hot days for 2-3°C of 
global warming, but those increases are held to less than 
10% of Europe if global warming is held to less than 2°C. 

  As with temperature extremes, large fractions of the 
observed area already exhibit increased probability of 
record-level wet events, including more than two thirds 
of the geographic area in North America, Europe, East 
Asia, and Australia. Likewise, exceeding 2°C of global 
warming is likely to lead to three-fold increases in record-
setting wet events for up to one half of the geographic 
area in those regions. At the same time, large fractions 
of Earth’s temperate zones are likely to experience 
increased probability of record-setting dry conditions 
should global warming surpass 2°C, especially in many 
heavily populated and highly vulnerable areas like the 
Mediterranean, southern Africa, Southeast Asia, and 
southern South America. 

Photo: Staff Sgt. Daniel J. Martinez, USANG

Higher global temperatures increase the odds of record-breaking extreme events.
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Research Findings – Economic Benefits
The research team used measurements of gross domestic 
product (GDP) to estimate the global and country-specific 
economic impacts of the 1.5°C, 2°C and NDC warming 
targets. The results indicate significant economic savings 
associated with limiting warming to 1.5°C instead of 2C. 
By mid-century, holding global temperatures to 1.5°C 
instead of 2°C would lead to an increase in global GDP 
(gGDP) of 1.5%-2.0% and $7.7-11.1 trillion in avoided 
damages. By end-of-century, meeting those would lead 
to median gains in gGDP per capita of 3.4% and $36.4 
trillion in avoided damages. For example, the researchers 
found that by end of this century, there is more than a 
75% chance that limiting warming to 1.5°C will reduce 
economic damages relative to 2°C, and more than a 60% 
chance that the accumulated global benefits will exceed 
$20 trillion (under a 3% discount rate). Further, they 
found that the 2.5-3°C of global warming implied by the 
NDC national commitments can be expected to reduce 
per capita economic output by 15-25% by end of this 
century, relative to a world that didn’t warm.

At the country level, most countries – containing 
more than 90% of the global population – are likely to 
experience benefits at 1.5°C compared to 2°C, including 
the world’s three largest economies (United States, China, 
and Japan) and a large fraction of the world’s poorest 
countries. Countries in the tropics and sub-tropics—where 
temperatures are already warmer than the economic 
optimum—are particularly vulnerable to economic 
damages from global warming. Many of these countries 
have the highest chance of gaining economic benefits at 
1.5°C compared to 2°C, and even a small reduction in future 
warming would have a significant positive effect on GDP. 

Points for Policymakers
■■ Emissions consistent with the commitments 

countries have made are likely to fall short of averting 
substantial increases in record-setting extreme events, 
as well as reductions in global GDP of 15-25% at the 
end of this century.

■■ The UN aspirational emissions targets (1-2°C scenario) 
are likely to yield substantial reductions in climate 
risk – and associated reductions in economic damages 

– relative to the warming implied by the nationally 
determined contributions (2-3°C scenario) under the 
UN Paris Accord.

■■ The overall global benefit of reaching the UN Paris 
Accord’s aspirational goal (1.5°C) is likely in the tens of 
trillions of dollars—more than 30 times greater than 
recent estimates of the cost of abatement necessary to 
achieve that goal. 

■■ Achieving more stringent mitigation targets than those 
set forth by the NDCs will likely benefit most countries, 
with particularly large benefits for the poorest 
populations.

■■ The researchers have been intentionally conservative 
in their analyses, meaning that future climate 
risk could be higher than predicted - an important 
consideration as policymakers consider planning 
and investment for climate mitigation, infrastructure 
investment, and land use development. 

Conclusion
The new Stanford research shows that the UN Paris 
Agreement’s goals of limiting global warming to 2°C and 
pursuing 1.5°C is likely to generate substantial benefits, 
both in terms of avoided economic and environmental 
damages due to reductions in the risk of unprecedented 
extreme events. In particular, the research finds that 
achieving the 1.5°C target is likely to generate tens of 
trillions of dollars in avoided damages, making the 
benefits of achieving the 1.5°C target at least 10 times 
larger than recent published estimates of the cost of 
reducing emissions. Further, the researchers find that, 
at the national level, most countries are likely to benefit, 
including the United States and China, as well as most 
of the world’s poorest countries. Taken together, the new 
studies show that aspirational goals articulated in the 
UN Paris Agreement are likely to both reduce economic 
damages and curb the increasing risk of record-setting 
extreme climate events.

Photo: Canadell and Schulze 2014
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Discovery of Meltwater Stored Inside 
Greenland’s Ice

Kendrick, AK; Schroeder, DM; Chu, W; Young, TJ; 
Christoffersen, Poul; Todd, J; Doyle, SH; Box, JE; Hubbard, 
A; Hubbard, B. (2018). Surface meltwater impounded by 
seasonal englacial storage in West Greenland. Geophysical 
Research Letters, 45(19) 10,474-10,481.

Researchers have discovered water stored within a glacier in 
West Greenland where the quickly changing ice sheet will 
be a major contributor to sea level rise in the next 100 years. 

Alexander Kendrick, a graduate student in Geophysics 
and lead author of the study, found evidence of glacier 
meltwater from the surface being stored within damaged, 
solid ice. What happens to meltwater below and inside of 
glaciers once it leaves the surface is one of the big mysteries 
plaguing glaciologists and a problem for understanding 
how glaciers will behave and flow for sea level contribution 
predictions. 

Photos: Sean Peters
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“All of our predictions of sea-level rise are missing this 
meltwater component,” said Dustin Schroeder, Professor of 
Geophysics and senior author on the study. “I think we’re 
only just realizing how important it is to understand at a 
fundamental physical scale what glacier meltwater does on 
its way from the surface to the bed.”

Kendrick used radar data collected hourly from May to 
November 2014 to show information coming from deep 
within the glacier correlated with when the glacier surface 
had been melting. This reinforced the idea that a significant 
amount of water had melted on the surface, trickled down 
into the glacier, and then got trapped between 15 to 148 feet 
below the surface. 

This component Alex has discovered 
shows that there is a piece of this glacier 

in particular – and maybe the entire 
Greenland hydrologic system in general – 

that we just were not modeling or thinking 
about in this way.

— Dustin Schroeder, Professor of Geophysics
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Evidence for EPA’s Endangerment Finding is 
Stronger Than Ever

Duffy, Philip B; Field, Christopher B; Diffenbaugh, Noah S; 
Doney, Scott C; Dutton, Zoe; Goodman, Sherri; Heinzerling, 
Lisa; Hsiang, Solomon; Lobell, David B; Mickley, Loretta 
J. ; Myers, Samuel;  Natali, Susan M.; Parmesan, Camille; 
Tierney, Susan; Williams, A. Park (2018). Strengthened 
scientific support for the Endangerment Finding for 
atmospheric greenhouse gases. Science, eaat5982.

Scientific evidence supporting the Environmental Protection 
Agency’s 2009 Endangerment Finding for greenhouse gases, 
which allows for the regulation of greenhouse gases under 
the Clean Air Act, is even stronger and more conclusive now, 
according to a study published in the journal Science. This 
finding could strengthen challenges to proposed efforts 
to rollback emissions standards and carbon emissions 
regulations in the United States.

There is no question that public health 
and welfare are endangered by climate 

change and we know that with much more 
confidence now than we did in 2009. 

— Chris Field, Director of the Stanford Woods Institute for 
the Environment

Chris Field, jointly led the study with Noah Diffenbaugh, 
Professor of Earth System Science and Philip Duffy, 
President of the Woods Hole Research Center. 

The paper includes 15 authors from 16 different research 
institutions and assesses how the scientific evidence has 
changed in the nine years since the finding was issued.

“Much of what we’ve learned since the original 
Endangerment Finding in 2009 arises from extreme 
events,” said Diffenbaugh. “Our understanding of how 
global warming influences the odds of heat waves, droughts, 
heavy precipitation, storm surge flooding, and wildfires 
has increased dramatically in the last decade, as has our 
understanding of the related impacts, such as how hot 
conditions af-fect mental health, violence, and economic 
productivity.”
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The Endangerment Finding: An Even Stronger  
Case Now
Introduction

In 2007, the United States Supreme Court ruled in 
Massachusetts v EPA that the U.S. Environmental 
Protection Agency (EPA) has the authority to regulate 
greenhouse gases under the Clean Air Act and may 
not refuse to regulate these pollutants once it has 
made a finding of endangerment. EPA released official 
findings in 2009 on six greenhouse gases, which were 
determined to endanger human health and welfare 
by causing climate change. This “Endangerment 
Finding” is an essential component of the legal basis 
for regulating greenhouse gas emissions as air pollution 
under the Clean Air Act, providing foundational support 

for important aspects of U.S. climate policy. Primarily 
focused on impacts to people living in the United States, 
the Endangerment Finding was based on best available 
knowledge related to public health and public welfare, 
examining such factors as air quality; food production and 
agriculture; forestry; water resources; sea level rise and 
coastal areas; energy, infrastructure and settlements; and 
ecosystems and wildlife.  

A team of scientists led by researchers at Woods Hole 
Research Center and Stanford University recently assessed 
new scientific evidence that has emerged since the release 

Figure 1. Economic Damage from Climate Change in United States Counties
Damage projected for 2080-2099 of RCP8.5

Left: damages in the median scenario for each county, negative damages indicate benefits. Right: Range of economic damages per year for groupings of U.S. counties, based on 
their income (29,000 simulations for each of 3,143 counties) in fraction of county income (white lines=median, boxes=inner 66% of possible outcomes, outer whiskers=inner 
90% of possible outcomes).

Hsiang et al. 2017: http://science.sciencemag.org/content/356/6345/1362
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of the Endangerment Finding. This new analysis lends 
increased support to the case for endangerment in three 
important ways. First, the new evidence strengthens the 
finding and provides evidence that the case is even stronger 
now when advancements in climate science are considered. 
Second, it highlights that impacts could be worse than 
we understood in 2009. Finally, it goes beyond the public 
health and welfare topics considered in 2009 to include 
new areas such as national security.  

Figure 2. Summary of New Evidence Since the  
Endangerment Finding
New evidence for impacts in areas included in and emergent beyond 
the EF 

Public Health

Air Quality

Food Production
and Agriculture

Forestry

Water Resources

Sea Level Rise
and Coastal Areas

Energy, Infrastructure
and Settlements

Ecosystems and Wildlife
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Con�dence in Impacts
Evidence of More Severe
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Impacts Areas Included in EF

Figure 1

Summary of New Evidence Since the Endangerment Finding
new evidence for impacts in areas included in and emergent beyond the EF

Key: An upward pointing arrow indicates increasing evidence of endangerment. A 
solid arrow indicates that the new evidence is abundant and robust. An outlined 
arrow indicates that the new evidence, in addition, comes from multiple approaches, 
is based on independent lines of information, or builds on a new level of mechanistic 
understanding.

New Evidence of Endangerment  

Since the Endangerment Finding, numerous scientific 
reports, reviews, and assessments have strengthened our 
understanding of the public health and public welfare 
threats posed by climate change. Much of the new 
information comes from recent extreme events, such 
as heat and drought causing acute crop declines in the 
central U.S., the storm surge flooding during hurricanes, 
and the recent wildfires that have devastated California 
and the West. This new evidence strengthens and 
expands our knowledge in several key areas: 

Air quality: The impact of climate change on air quality 
will vary across the U.S. Greater effects from particulate 
matter are projected to negatively impact the East, while 
dust and wildfire smoke will affect air quality in the West, 
where the frequency of smoke episodes is projected to 
double in California. 

Forests: U.S. forests in western states are facing increasing 
risks of tree mortality or forest loss. Threats include 
wildfires, insect outbreaks, and drought. Increases in 
the size, frequency, and severity of these events can have 
long-term impacts on forest ecosystems. Annual western 
U.S. forest-fire area increased by approximately 1000% 
during 1984-2017.

Energy, infrastructure, and settlements: Much of 
America’s energy and transportation infrastructure is 
vulnerable to flooding from extreme weather events, as 
is its military infrastructure. Coastal communities in 
Alaska are faced with particularly high risks from climate 
impacts due to storms and permafrost thaw exacerbating 
coastal erosion rates. 

Water resources: Accelerated changes in snow hydrology 
and risks from snowpack droughts (periods of extremely low 
snowpack) will affect the western U.S. with the Southwest 
noted as a region of particular concern. Periods of snowpack 
drought endanger water supply and reduce river flows, 
as well as threatening rare and endangered species (e.g., 
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salmon, trout, and wolverine). Future global warming is 
also likely to erode water quality in the U.S. by increasing 
nutrient loading and eutrophication, particularly in the 
Midwest and Northeast.

Sea level rise and coastal areas: Higher levels of sea level 
rise (SLR) will cause increased risks, exposing coastal 
populations, economies, and infrastructure to hazards 
such as flooding, erosion, and extreme events. In the U.S., 
intermediate scenario SLR leads to daily flooding in all 
coastal regions by 2100. Coastal erosion and flooding 
risk are already affecting real estate values and causing 
displacement through “climate gentrification,” in which 
properties at higher elevations attain higher values. SLR 
and extreme events also threaten the movement of goods 
among major port cities, which can cause economic 
disruption with cascading impacts far from coastal zones, 
and disrupt missions of the U.S. military—including 
disaster and humanitarian relief. 

National security: Climate change increasingly disrupts 
existing international security dynamics in geostrategic 
environments. In the Arctic, for example, reduced sea 
ice will open the way for more Chinese trade routes 
and Russian oil and gas extraction, potentially causing 
tensions between the two countries and the U.S.

Violence and instability: High temperatures and rainfall 
extremes amplify underlying risks of violence and instability. 
In the U.S., exposure to high temperatures is associated 
with higher rates of domestic violence, rape, assault, and 
murder. Emerging evidence indicates that hot periods 
elevate the risk of self-harm, including suicide. 

Economic well-being: Analyses of overall macro-economic 
performance estimate that warming by an additional 
1C over 75 years can be expected to permanently reduce 
U.S. Gross Domestic Product (GDP) approximately 3% 
through direct thermal effects. U.S. GDP is expected to be 
approximately 4% greater if warming is limited to 2.7F 
compared to 3.6F. Analyses that combine sector-by-sector 

evidence suggest that poorer counties suffer an economic 
burden roughly five times larger than wealthier counties. 

Ocean acidification: The ocean exhibits a wide range of 
biological responses to elevated CO2 and ocean acidification. 
Warming is reducing open-ocean oxygen levels and 
exacerbating coastal hypoxia (oxygen deficiency) driven 
by excess nutrients. Coral reefs and marine life such as 
shellfish and potentially some crustaceans are vulnerable 
to acidification.

About the Authors

The peer-reviewed paper this brief is based on, “Science 
supporting an endangerment finding for atmospheric 
greenhouse gases: an update,” was published Dec. 13, 
2018, in Science. Authors include: Philip B. Duffy (Woods 
Hole Research Center), Christopher B. Field (Stanford 
University), Noah S. Diffenbaugh (Stanford University), 
Scott C. Doney (University of Virginia), Zoe Dutton 
(Wilson Center), Sherri Goodman (Wilson Center), Lisa 
Heinzerling (Georgetown University), Solomon Hsiang 
(U.C. Berkeley), David B. Lobell (Stanford University), 
Loretta J. Mickley (Harvard University), Samuel 
Myers (Harvard University), Susan M. Natali (Woods 
Hole Research Center), Camille Parmesan (Plymouth 
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This brief is based on the study “Strengthened scientific support 
for the Endangerment Finding for atmospheric greenhouse gases,” 
published in Science.
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Tiny Swimmers Can Impact Ocean Mixing 

Houghton, Isabel A; Koseff, Jeffrey R; Monismith, Stephen 
G; Dabiri, John O. (2018). Vertically migrating swimmers 
generate aggregation-scale eddies in a stratified column. 
Nature, 556(7702), 497.

Clusters of individual centimeter-long oceanic organisms 
beating their tiny feathered legs can create strong currents 
that may mix water over hundreds of meters in depth. Krill, 
a common zooplankton, migrate in giant swarms in the 
ocean up and down hundreds of meters daily. 

Isabel Houghton, a Ph.D. candidate working with John 
Dabiri, Professor of Civil and Environmental Engineering 
and of Mechanical Engineering, teamed up with Civil and 
Environmental Engineering Professors Jeffrey Koseff and 
Stephen Monismith to demonstrate for the first time that 
migrating zooplankton can create turbulence at a large 
enough scale to mix ocean waters.

The team created flow environments in tanks in a lab that 
mimic the ocean where saltier water is on the bottom and 
less salty water is on the top. They created a migration by 
attracting brine shrimp with lights, moving them up and 
down in tank. The individual water eddies around each 
shrimp and the larger currents in the tank showed the 
turbulence aggregates into a jet in the wake of the migration 
powerful enough to mix the salt gradient.

The researchers plan to verify their findings in the ocean 
by following swarms of krill. The findings could impact 
understanding of ocean carbon dioxide sequestration, 
global nutrient cycles and ocean climate models.

“Right now, a lot of our ocean climate models don’t include 
the effect of animals or if they do it’s as passive participants 
in the process,” said Dabiri.

Ocean dynamics are directly connected  
to global climate through interactions 

with the atmos-phere. The fact that 
swimming animals could play a significant 

role in ocean mixing – an idea that has 
been almost heretical in oceanography 

– could therefore have consequences far 
beyond the immediate waters where the 

animals reside.

John Dabiri, Professor of Civil & Environmental  
Engineering & Mechanical Engineering

Isabel Houghton
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Investigating Effective and Fair U.S. Climate 
Change Policy

Goulder, Lawrence, Hafstead, Marc. (2018). Confronting 
the Climate Challenge: U.S. Policy Options. Columbia 
University Press.

In their book, “Confronting the Climate Challenge,” Larry 
Goulder, Professor of Economics, and co-author Marc 
Hafstead examine a range of U.S. climate policy options 
with the goal of identifying policies that are low cost to 
the economy as a whole as well as fair in the way that any 
economic sacrifices are distributed across industries and 
households. 

“Suppose the policy is a carbon tax,” explains Goulder, 
“Under some designs this policy would lower the profits of 
fossil fuel suppliers and other ‘carbon-intensive’ industries. 
But we find that if the policy design involves using just a 
small fraction of the revenues to provide corporate income 
tax credits to firms in the most vulnerable industries, the 
potential adverse profit impacts are avoided.”

The authors also discuss impacts on low-income households 
and find that if a small fraction of carbon tax revenues is used 
to provide rebates, a negative impact on these households’ 
standard of living will be avoided and some may even see 
a positive impact in terms of income. They present-ed 
their findings at a joint book launch with Resources for 
the Future, an independent research institution focused on 
environmental economics. Goulder and Hafstead also met 
with key Congressional staff to discuss their findings in the 
context of draft climate legislation. 

State regulations to address climate change are encouraging 
but Goulder explained the benefits of a nationwide carbon 
tax.

“Our work and numerous other economic analyses suggest 
that a carbon tax would enable the economy to achieve 
emissions reductions at lower cost than conventional 
forms of regulation such as low-carbon fuel standards,” 
said Goulder. “States often rely on conventional forms 
of regulation that in several cases are more costly. To the 
extent that a nationwide carbon tax replaces such state-level 
regulations, there can be considerable cost savings.”

One thing that surprised the authors was that some policy 
designs not only have low overall costs but also avoid unfair 
distributions.

Under these policy designs, the United 
States can produce significant reductions 
of greenhouse gas emissions at low cost 

and at the same time avoid adverse impacts 
on profits in key industries as well as 

adverse impacts on real incomes of low-
income households.

— Larry Goulder, Professor of Economics
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New Tool Enables More Efficient and 
Sustainable Fishing

Hazen, Elliott L; Scales, Kylie L; Maxwell, Sara M; Briscoe, 
Dana K; Welch, Heather; Bograd, Steven J; Bailey, Helen; 
Benson, Scott R; Eguchi, Tomo; Dewar, Heidi; Kohin, Suzy; 
Costa, Daniel P; Crowder, Larry B; Lewison, Rebecca 
L; (2018). A dynamic ocean management tool to reduce 
bycatch and support sustainable fisheries. Science 
advances, 4(5), eaar3001.

Worldwide, fishing fleets discard as many as two of every five 
sea creatures they catch. However, a new experimental tool 
called EcoCast can help fishers locate the most productive 
fishing spots while avoiding unwanted or protected species 
such as sea turtles and dolphins.

Developed by researchers at Stanford and other universities, 
EcoCast combines satellite data of ocean conditions, 
records from fisheries observers and species tracking data 
to pinpoint ideal fishing areas on a daily basis. Resource 
managers can adjust the weighting of each species as risks 
change and the fishing season progresses. This helps fishers 
optimize their harvest of target fish, while reducing the risk 
of inadvertently catching and killing sensitive species.

Research shows that this approach can be up to 10 times 
more efficient for protecting species than previous 
management styles.

EcoCast is leading the way toward 
more dynamic management of marine 

resources. We’re putting the information 
directly in the hands of the fishers and 

managers.

— Larry Crowder, Professor at Hopkins Marine Station
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Tools for Sustainable Fisheries: EcoCast and Dynamic 
Ocean Management
Overview

Traditional approaches to sustainable fisheries 
management can put ecological goals in conflict with 
economic needs. How can fishers continue to catch the 
same amount of fish while decreasing the amount of 
protected or threatened species they catch? This conflict 
eases when fisheries managers use a new tool that 
integrates multiple sources of data—collected by satellites, 
remote sensors and people—to improve fishing operations. 
Called “EcoCast,” this ecosystem forecast tool was 
developed by researchers with NOAA, Stanford and 
other research institutions. It allows fisheries managers 
to predict daily relative catch and bycatch probabilities in 
near real-time.

Key Points for Policymakers

 Dynamic ocean management tools like EcoCast 
allow fisheries managers to meet the dual objectives 
of ecological and economic sustainability. This tool 
helps fishers choose ideal fishing locations by tracking 
ocean conditions, collecting on-site fisheries data and 
incorporating species tracking data.

 Tools like EcoCast can help increase productivity by 
improving efficiency (reducing bycatch). The use of 
approaches like EcoCast can help safeguard protected 
and endangered species, such as loggerhead and 
leatherback turtles, small dolphins, beaked whales and 
California sea lions, each of which frequently becomes 
bycatch along the California coast. 

 These types of ocean management tools can be used 
to reduce the frequency of fisheries closures (fishing 
bans). By implementing dynamic management 
approaches, the area of existing closures could 
be reduced by 2 to 10 times while maintaining 
conservation goals. 

Background

Preventing overfishing is integral to achieving the UN 
Sustainable Development Goals of zero hunger (SDG2) 
and protecting life below water (SDG14). Maintaining 
global fish populations is also critical in order to feed 
the 3 billion people worldwide for whom seafood is 

Fishing vessel off the coast of southern California.
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an essential source of protein. Fishing efficiently and 
sustainably will only become increasingly difficult as the 
ocean reacts to the changing climate and other human 
impacts. For example, fish populations will shift as 
temperature and chemical changes in the ocean alter 
habitat conditions. 

The above map uses environmental data to predict where species are likely to 
be each day, minimizing bycatch and maximizing target catch for fishers.

While U.S. fisheries have made significant progress in 
balancing conservation with fishing industry needs—
primarily due to the historic Magnuson-Stevens Fishery 
Conservation and Management Act of 1976—transitioning 
from static, single species management approaches to 
dynamic, multispecies approaches can help sustainably 
manage fisheries and reduce bycatch in the future.

With the advent of tools like EcoCast and sufficient 
available data, bycatch can be dramatically reduced. This 
will help protect endangered species, keep our fisheries 
sustainable and support fishing communities. While 
EcoCast was designed for a specific fishery that had 
ample accessible data, evidence suggests that in the future, 
dynamic methods—with real-time monitoring tools that 
allow fisheries managers to rapidly adapt to changing 
conditions—will improve our ability to fish sustainably.

About the Authors

Elliott L. Hazen is a research ecologist with the National 
Oceanic and Atmospheric Administration Southwest 
Fisheries Science Center and a visiting scholar at the 
Stanford Woods Institute for the Environment. 

Larry Crowder is the Edward Ricketts Provostial Professor 
of Marine Ecology and Conservation at Stanford’s Hopkins 
Marine Station, a senior fellow at the Stanford Woods 
Institute for the Environment and codirector of Stanford’s 
Osa & Golfito Initiative. 

Sarah Mesnick is an ecologist and the lead for 
Communications at the Southwest Fisheries Science 
Center, NOAA Fisheries, and adjunct professor at Scripps 
Institution of Oceanography, UC San Diego. 

This brief is based on the paper “A dynamic ocean management tool to 

reduce bycatch and support sustainable fisheries.”

Photo: Staff Sgt. Daniel J. Martinez, USANG
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A Cap-And-Trade System of Water 
Conservation

Gonzales, Patricia; Ajami, Newsha; Sun, Yujie. (2017). 
Coordinating water conservation efforts through tradable 
credits: A proof of concept for drought response in the 
San Francisco Bay area. Water Resources Research, 53(9) 
7662-7677.

California experienced the driest four-year period on 
record from 2011 to 2015, leading to a state mandate to 
reduce water use by 25 percent. At the drought’s height, 
water conservation levels varied widely as utilities worked 
independently towards this goal. 

Looking at 26 communities in the Bay Area, Stanford 
researchers explored how a system of tradable credits 
might allow utilities to meet their conservation goals more 
effectively. Patricia Gonzales, a doctoral student in Civil 
and Environmental Engineering working with Newsha 
Ajami, Director of Urban Water Policy at Stanford’s Water 
in the West and NSF-ReNUWIt initiatives, proposed a cap 
and trade approach to water conservation based on local 
supply and demand realities. 

What if instead you gave the region a 
target, and then you allow utilities to 
figure out the best way to achieve that 

target collectively?

— Patricia Gonzales, doctoral student in Civil and 
Environmental Engineering

When the government mandates conservation due to 
drought, communities that haven’t been as forward on 
water efficiency may be able to conserve water in low-cost 
ways, while others must invest in bigger projects to meet the 
same goals.

If a community has already done ‘low-hanging fruit’, such 
as replacing toilets and showers with low-water versions, 
they have to move to more expensive options, like paying 
residents to replace lawns, which may or may not be enough 
to achieve their target.

Instead of this expensive option, the community would 
contribute to the overall conservation funding pool, 
essentially buying conservation credits from other areas.

“The basic idea of cap and trade is to incentivize people to do 
things that are cost effective for them, but also potentially 
invest in the community and system as a whole,” said Ajami.

The team is expanding the current platform, HydroTrade, 
to allow communities to not only share conservation credits 
but also develop and share other water supply sources in 
order to enhance regional resiliency.

Florence Low/CA DWR
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Efficient, Cost-Effective Systems to  
Replenish Aquifers

Bradshaw, Jonathan L; Luthy. Richard G. (2017). Modeling 
and optimization of recycled water systems to augment 
urban groundwater recharge through underutilized 
stormwater spreading basins. Environmental Science & 
Technology 51.20 (2017): 11809-11819.

Groundwater depletion is a critical issue and communities 
and cities are investigating how to re-charge and replenish 
aquifers. However, collecting stormwater runoff and 
recycling treated wastewater, the two main strategies to 
replenish aquifers, are often separate processes that can 
produce expensive and underused infrastructure. 

To address this, Stanford engineers Jonathan Bradshaw, 
a doctoral candidate in the Department of Civil and 
Environmental Engineering, and Richard Luthy, Professor 
of Civil and Environmental Engineering, developed a 
computational planning tool called AquaCharge that allows 
urban water utilities to examine their local circumstances 
and understand opportunities for combining these pro-
cesses to better balance water supplies and replenish aquifers. 

“The ideas of recycling waste water and capturing 
stormwater are not new,” said Luthy. “What’s new here is 
to think about how to combine what had been separate 
systems into a single approach to recharge groundwater.”

AquaCharge could greatly improve the use and reuse of 
water, especially in California, which cur-rently recycles 
around 15 percent of its available treated wastewater. 

Our method not only allows you to 
think about a new kind of hybrid water 

replenishment system. It also helps 
determine what sort of system will meet a 

city’s goals at the lowest cost.

— Jonathan Bradshaw, doctoral student in Civil and 
Environmental Engineering
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AquaCharge: A Design Tool for Balancing 
Groundwater Management Trade-Offs
Overview

Many arid regions face groundwater security and 
reliability challenges, such as overdraft and climate 
change-driven precipitation shifts. Increasingly, water 
managers are considering recharging aquifers using 
stormwater and recycled water–Managed Aquifer 
Recharge (MAR). These projects are hindered by a 
lack of tools to evaluate system design costs and trade-
offs. Stanford researchers have developed AquaCharge, 
a planning tool that can optimize system costs and 
performance to help water managers make more 
informed decisions about how MAR can fit into water 
management strategies. 

Key Points for Policymakers

 The AquaCharge model allows for more 
comprehensive and precise analyses of cost, water 
volume and energy trade-offs among different design 
scenarios. It can improve water planners’ understanding 
of these trade-offs and the best strategies for fitting 
them into water management plans;

 AquaCharge can efficiently and accurately inform 
decisions about groundwater recharge pond policies 
and development of new water supplies;

 AquaCharge can improve design of multi-supply 
recharge ponds, including how to best manage issues 
of locating and scaling infrastructure. In case studies, 
AquaCharge was able to identify designs that were up 
to 20% more cost-effective;

 AquaCharge is able to identify system designs that 
optimize infrastructure lifecycle cost and total 
groundwater recharge while satisfying regulatory or 
other policy constraints. This allows water planners 
to adapt the model to accommodate site-specific 
geographic, policy and technological contexts. 

Waterfowl gather at groundwater recharge ponds located on the 
grounds of the Stockton East Water District.
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Background

Increasing groundwater recharge capability is a critical 
component to ensuring water security for regions across 
the U.S. where scarcity is an ongoing issue. In California, 
for example, it is imperative for urban water utilities to 
determine cost-effective opportunities to safely diversify 
water supplies and efficiently recharge aquifers. To 
successfully plan for sustainable freshwater systems, 
innovative water sources, such as recycled water and 
stormwater, must be viewed as potential recharge assets 
when compiling a water manager’s portfolio.

In urban districts, the two main strategies for increasing 
water supplies–collecting stormwater runoff and recycling 
treated wastewater–are usually separate processes that 
necessitate the construction of costly and under-utilized 
infrastructure. Applying the AquaCharge model can 
inform water planning and quantify trade-offs among 
different groundwater recharge pond designs. The model 
considers factors such as the availability of recharge 
ponds and stormwater supplies, the potential to produce 
recycled water and options for installing recycled water 

pipelines. More specifically, AquaCharge helps to 
clarify how augmented groundwater recharge ponds can 
accommodate both stormwater and recycled water with 
improved cost-effectiveness. 

Adding advanced treated recycled water into a recharge 
pond can also create more consistent, higher-quality 
groundwater recharge. Case studies in Los Angeles 
have shown that dynamic management of recycled water 
deliveries could result in 68% more recharge capacity 
when compared to more conservative strategies. Increased 
water recycling facility utilization may also serve as a 
politically important performance metric that water utility 
boards and rate payers perceive favorably. Leveraging the 
capabilities of AquaCharge to demonstrate lower overall 
operating costs makes it more likely for water planners 
to pursue these types of multi-supply projects without 
having to seek funds from external partners. 

In addition to being a useful tool for water managers, 
AquaCharge may help lower the barrier for planning 
future multi-supply groundwater recharge pond projects 
to enhance urban water supplies and improve water supply 
resiliency.

About the Authors

Jonathan Bradshaw is a Ph.D. candidate in the Department 
of Civil and Environmental Engineering.

Richard Luthy is the Silas H. Palmer Professor of Civil and 
Environmental Engineering; Director, National Science 
Foundation Engineering Research Center for Re-inventing 
the Nation’s Urban Water Infrastructure (ReNUWIt); and 
a Stanford Woods Institute for the Environment faculty 
affiliate.

This brief is based on the study “Modeling and Optimization of 
Recycled Water Systems to Augment Urban Groundwater Recharge 
through Underutilized Stormwater Spreading Basins” and ongoing case 
studies funded by ReNUWIt.Photo: Staff Sgt. Daniel J. Martinez, USANG

Groundwater recharge pond.
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Effects of the Border Wall on Wildlife

Peters, Robert; Ripple, William J; Wolf, Christopher; 
Moskwik, Matthew; Carreón-Arroyo, Gerardo; Ceballos, 
Gerardo; Córdova, Ana; Dirzo, Rodolfo; Ehrlich, Paul R; 
Flesch, Aaron D.; et. al. (2018). Nature Divided, Scientists 
United: US–Mexico Border Wall Threatens Biodiversity and 
Binational Conservation. BioScience, 68(10), 740-743.

The nearly 2,000-mile-long Mexico-US border traverses 
some of the continent’s most biologically diverse regions, 
including forests, grasslands and salt marshes – home to 
more than 1,500 native animal and plant species, according 
to a study co-authored by Stanford biologists Paul Ehrlich 
and Rodolfo Dirzo. It warns that some of these species face 
extinction within the U.S. if their movements are cut off 
by a continuous border wall U.S. President Donald Trump 
pledged to build.

Physical barriers prevent or discourage animals from 
accessing food, water, mates and other critical resources 
by disrupting annual or seasonal migration and dispersal 
routes. Work on border walls, fences and related 
infrastructure, such as roads, fragments habitat, erodes 
soil, changes fire regimes and alters hydrological processes 
by causing floods.

Barriers will impede the bighorn sheep’s 
migrations and movements to track 
habitats that shift due to a changing 

climate. Cut off like this, the bighorn and 
other animals and plants will become 
zombie species – populations that are 

demographically and genetically doomed.

— Rodolfo Dirzo, Professor of Biology

The paper calls on scientists around the world to support 
solutions, such as requirements that Department of Homeland 
Security identify species, habitats and ecological resources 
at risk from barrier construction and security operations; 
design barriers for maximum wildlife permeability where 
possible; and purchase or restore replacement habitat when 
environmental harm is inevitable. Nearly 3,000 scientists 
have signed on to endorse the paper’s message.

“Many hundreds of miles of border wall and the accompa-
nying construction and maintenance infrastructure would 
be a crime against biodiversity,” said Erhlich. 
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Limits of Corporate Sustainability  
in Supply Chains

Thorlakson, Tannis; Hainmueller, Jens; Lambin, Eric F. 
(2018). Improving environmental practices in agricultural 
supply chains: the role of company-led standards. Global 
Environmental Change, 48, 32-42.

Buying ethically sourced products is not as easy as trusting 
a Fair-Trade certification, according to Stanford researchers 
who undertook the first large-scale analysis of sustainable 
sourcing practices. 

Our results show a glass half full and  
half empty.

— Eric Lambin, Professor of Earth System Science

The researchers analyzed 449 publicly listed companies 
in the food, textile and wood-products sec-tors, and found 
about half use some form of sustainable sourcing practice. 
However, more than 70 percent of sustainable sourcing 
practices cover only a subset of input materials for a given 
product. Only 15 percent of sustainable sourcing practices 
focus on health, energy, infrastructure, climate change, 
education, gender or poverty. 

The researchers find that companies on the receiving end of 
consumer and civil society pressure are “significantly more 
likely” to adopt at least one sustainable sourcing practice. 

“The pressure consumers put on firms when they demand 
more sustainable products might be pay-ing off,” said study 
lead author Tannis Thorlakson, a doctoral student in the 
Emmett Interdisciplinary Program in Environment and 
Resources. “I hope this paper acts as a call to action for 
those 48 percent of companies that aren’t doing anything 
to address sustainability challenges in their supply chain.”
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S P R I N G  2 0 1 8

Importance of Global Supply Chains for Meeting  
the UN Sustainable Development Goals
Background

The Sustainable Development Goals (SDGs) are a set of 
17 goals adopted by the United Nations General Assembly 
in 2015 that set the international development agenda 
through 2030. The SDGs focus on a range of issues 
aimed at improving the quality of life for people around 
the world, including ending poverty, eradicating hunger, 
improving health, and providing clean water, sanitation, 
energy and education for all. Leading international 
development banks and aid agencies such as the World 
Bank and USAID play important implementing roles to 
the success of the SDGs, but there is recognition that 
civil society and the private sector must also be involved 
to meet the global targets. Eighty percent of global trade 
flows through multinational corporations, emphasizing 
the particularly critical position of the private sector to 
achieving the envisioned sustainable future. 

Responding to this call, companies are taking a variety 
of actions to address their corporate social responsibility. 
Some of these trends include hiring a sustainability 
officer; increasing transparency and reporting on social 
and environmental risks and impacts; and adopting 
policies and standards for greater efficiency and 
conservation of resources. Increasingly, companies are 
focusing not only on internal policies and procedures, but 

About the Authors
Tannis Thorlakson is a PhD Candidate with the Emmett 
Interdisciplinary Program in Environment and Resources at 
Stanford University. Eric Lambin is a Professor of Earth System 
Science at Stanford University and a Senior Fellow with the 
Stanford Woods Institute for the Environment. Joann de Zegher is 
a post-doctoral fellow at the SEED Institute at Stanford Graduate 
School of Business.
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also on external factors such as supply chains. A full 95% 
of environmental impacts in the food and retail industries 
stems from their supply chains, so ensuring those chains 
are sustainable is becoming an integral part of companies’ 
strategies to contribute to sustainable development. 

Despite this recent growth in companies’ commitments 
to sustainable supply chains, we do not have a 
comprehensive understanding of how successful 
companies are in advancing this cause. We lack data 
on the sustainable development topics that companies 
address, practices companies commonly use, or even 
the types of companies that are taking action to advance 
sustainability in their supply chains. New research 
examines the specific questions: What sustainable-
sourcing practices (SSPs) currently exist and which 
are most commonly used by companies? How do these 
SSPs contribute to the fulfillment of the United Nations 
SDGs? And what factors influence the adoption of SSPs 
by companies?

Research Findings

Existing sustainable-sourcing practices and those 
most commonly used
■■ Overall 52% of companies have adopted at least 
1 of 16 distinct SSPs, with a supplier code of 

conduct being the most common (over 40% of 
companies studied had adopted this SSP). The 
other 15 SSPs are not nearly as widely used, with under 
20% of companies using any one. These include multi-
stakeholder standards, using recycled sourcing, and 
training suppliers on environmental and social issues. 

■■ Seventy-one percent of SSPs are tied to a single 
or subset of input materials, the most common 
being wood and palm oil. For example, a company 
might use recycled materials for the packaging of 
a product but leave the remainder of that product’s 
upstream impact unaddressed. 

■■ The vast majority of SSPs apply only to a single 
tier in the supply chain, with 60.5% of SSPs 
applying only to direct, or first-tier, suppliers. 
Suppliers further down the supply-chain are less 
commonly covered by SSPs including raw material 
producers that are not direct suppliers of the company. 

Sustainable-sourcing practices contribution to the 
UN Sustainable Development Goals
■■ SSPs rarely address the broad social and 
environmental challenges outlined in the SDGs, 
focusing primarily on SDGs related to responsible 
production, working conditions and compliance 
with national laws. All SSPs address SDG 12: 
Responsible Production and Consumption. In addition, 

Photo: M. Edliadi/ CIFOR
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SSPs primarily address SDG 8: Decent Work and 
Economic Growth by seeking to improve labor rights; 
and SDG 16: Peace, Justice, and Strong Institutions by 
compliance with national law requirements.

■■ Only 15% of companies address health, energy, 
infrastructure, climate change, education, gender 
or poverty in the supply chain directly.

Factors influencing the adoption of sustainable-
sourcing practices
■■ Large, branded companies exposed to consumer 
and civil society pressure are significantly more 
likely to adopt SSPs. Companies headquartered in 
a country with a high density of international NGOs 
were more likely to have adopted at least one SSP. In 

contrast, stringency of environmental regulation in the 
company’s headquarter cwith country is not associated 
with SSP adoption.

■■ Companies that have a strong brand, such as Coca 
Cola and L’Oreal, demonstrate a seven percentage 
point increase in likelihood to adopt an SSP 
compared with companies that do not have 
recognizable brand names. 

Points for Policy Makers 
Only 52% of the companies in the study address some 
component of social or environmental issues within their 
supply chain. This figure is lower than other estimates 
have suggested. Limitations to current SSPs affect their 
ability to drive change. These include: 

Graphic: UNDP
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■■ SSPs are most commonly adopted by downstream 
firms to address issues with their first tier 
suppliers only. This raises concern about the 
potential impact of SSPs when the most pressing social 
and environmental practices are often taking place 
among subsuppliers. 

■■ Companies are often using SSPs for only a 
small subset of their input materials of product 
lines. A lack of comprehensive coverage across 
suppliers and input materials highlights an important 
limitation of the reach and impact of SSPs that is 
rarely acknowledged in the discourse on sustainable 
sourcing. 

■■ The research shows that consumer and civil 
society pressure significantly drives SSP 
adoption. This may lead companies to target their 
sustainable-sourcing efforts only at input materials 
that have been the topic of visible campaigns. 

■■ Other studies have suggested that the inability 
to effectively monitor and punish actors based 
on adherence to requirements makes compliance 
unlikely. A better understanding of how different 
types of verification, or lack thereof, influence the 
effectiveness of SSPs is critically needed. 

■■ Further research is needed to explore the 
headquarter countries’ role in influencing SSP 
adoption as regulations are increasingly applying 
to a company’s entire supply chain.

Conclusion
Although there are positive indications of SSP uptake, 
the reach of these practices is limited by the types of 
companies that adopt them, the products and supply 
chain tiers they cover, the strength by which they are 
enforced, and the SDGs they address. Consumer and 
civil society pressure among branded firms appears to 
be an effective tool to encourage SSP uptake. For non-

consumer facing firms, encouraging uptake of SSPs is 
more difficult. Identifying key social and environment 
risks may be an effective tool to encourage change among 
these companies. Although not directly explored in this 
paper, government regulations that apply to a company’s 
entire supply chain may also be an effective way to 
increase private sector contributions to the SDGs. For 
supply chain interventions to effectively drive social and 
environmental change at a global scale, private sector 
actors need to more widely adopt SSPs that are stringent 
and verifiable, address a broad set of sustainability issues, 
and reach all tiers of global supply chains.

This brief is based on recent research on companies’ sustainable-
sourcing practices in the food, textile and wood-products 
sectors. For more information, read “Companies’ contribution to 
sustainability through global supply chains” by Tannis Thorlakson, 
Joann de Zegher and Eric Lambin published in the Proceedings 
of the National Academy of Sciences (https://doi.org/10.1073/
pnas.1716695115)

Future Research 

Companies are increasingly facing regulation 
of their supply chain activities. Laws like 
the California Transparency in Supply 
Chain Act or the UK Modern Slavery Act 
both require some companies to disclose 
actions they are taking to combat slavery 
and human trafficking. The French Duty of 
Vigilance Law requires major companies to 
identify and prevent adverse human rights 
and environmental impacts among their 
suppliers. Although not examined directly 
in this research, these types of supply-
chain regulations may help to increase the 
coverage of SSPs among companies. 
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Nipah Virus: A Potential Global Pandemic

Cortes, Maria C; Cauchemez, Simon; Lefrancq, Noemie; 
Luby, Stephen P; Jahangir Hossain, M; Sazzad, Hossain 
MS; Rahman, Mahmudur; Daszak, Peter; Salje, Henrik; 
Gurley, Emily S. (2018). Characterization of the Spatial and 
Temporal Distribution of Nipah Virus Spillover Events in 
Bangladesh, 2007–2013. The Journal of Infectious Diseases, 
217(9), 1390-1394.

A little-known virus discovered 20 years ago could become 
the next global pandemic. The Nipah virus, a disease that 
generally spreads from bats or pigs to humans, kills nearly 
three-quarters of those infected. It has no vaccine and 
no cure. Recent outbreaks in South Asia are worrying 
scientists like Stephen Luby, Professor of Medicine, who has 
co-authored many studies illustrating potential pathways 
of the disease, such as contaminated hospital surfaces, 
and investigating the impact of behavioral changes that 
reduce the likelihood of people consuming potentially 
virus-contaminated tree sap. In a paper in The Journal of 
Infectious Diseases, he and his colleagues showed links 
between changes in temperature to the virus’s spread from 
bats to humans. 

Emerging infections have resulted in the 
most devastating infectious diseases that 
humanity has ever faced. These include 

HIV, tuberculosis, measles and smallpox. 
History has taught us that emerging 

infections can be major threats.

— Stephen Luby, Professor of Medicine

In Bangladesh, bat-to-human spillovers are happening every 
winter. Using data from 57 spillovers from 2007 to 2013, 
researchers found that temperature differences explained 
36 percent of the year-to-year variation in the number of 
spillovers each winter. The distance to hospitals explained 
another 45 percent. Low precipitation and low temperatures 
were both strongly associated with an increased risk of a 
spillover. Thus, the colder the winter, the more important it 
is to intervene to prevent human infections. 

The virus has many strains capable of spreading from 
person to person, which increases the chances of a strain 
emerging that rapidly spreads among South Asia’s densely 
populated communities and beyond.
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New Standard for Biodegradable Microplastics

McDevitt, Jason P; Criddle, Craig S; Morse, Molly; Hale, 
Robert C; Bott, Charles B; Rochman, Chelsea M. (2017). 
Addressing the Issue of Microplastics in the Wake of 
the Microbead-Free Waters Act—A New Standard Can 
Facilitate Improved Policy. Environmental Science & 
Technology, 51 (12), 6611–6617.

In the world’s oceans, plastic waste, mostly broken down 
into tiny particles, floats in huge blobs that together cover 
as much as 40 percent of Earth’s ocean surface. Laws and 
bills are being discussed and passed to address parts of 
the microplastic pollution problem but biodegradable 
alternatives to plastic will ultimately be needed to solve the 
bigger issue. However, there has not been an acknowledged 
standard for environmentally safe microplastics. 

Researchers including Craig Criddle, Professor of Civil 
and Environmental Engineering, have developed 
a framework for a standard called “Ecocyclable” 
that includes requirements on toxicity, degradation, and 
bioaccumulation. They hope this will help enable legislation 
and regulation to reduce pollution. 

In addition to recycling more and reusing 
materials more, we need new materials 

that can do the same jobs as current 
plastics, but are biodegradable, nontoxic 
and do not concentrate in food chains. 

Such materials already exist in nature. As 
it turns out, many microorganisms make 

moldable bioplastic polymers that are fully 
degradable. In effect, nature has designed 
this plastic for disassembly. We should do 

likewise.

— Craig Criddle, Professor of Civil and Environmental 
Engineering
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Microplastics: Developing Standards that  
Inform Policy  
Overview

Plastics have become an indispensable and pervasive 
material in modern society, but their true cost to 
humanity and the environment is not reflected in 
their price. Costs include harm to environmental 
aesthetics, habitat, tourism, marine wildlife and food 
chains. State and federal legislation has fallen short of 
fully addressing the problem. Defining a scientifically 
recognized standard for degradable plastic materials that 
are safe for human health and the environment will be a 
critical first step to a solution. Stanford researchers have 
joined a team of scientists to develop such a standard, 
Ecocyclable (see Box). The aim of this standard is to 
enable policymakers to distinguish plastic materials’ 
safety based on biodegradability, toxicity and potential 
for accumulation within food chains. 

Key Points for Policymakers

 A scientifically-vetted microplastics standard, such 
as Ecocyclable, could alleviate the growing plastic 
pollution problem by helping policymakers determine 
whether a material is bio-safe and environmentally 
benign (see Box);

 Microplastics should be required to biodegrade within 
environments of concern, such as the ocean; they 
should also be non-toxic to humans and wildlife; and 
contain no additives that accumulate in food chains;

 Standards should be applicable to all environments 
where microplastics may be present, including natural 
soils, landfills, wastewater treatment facilities and 
marine ecosystems;

 Standards should include designations that distinguish 
between environments. For example, a material could 
be certified as ‘generally Ecocyclable’ if it is biodegradable, 
non-toxic and non-bioaccumulative in all environments; 
and “conditionally Ecocyclable” within a specified 
environment in which it meets these three criteria.  

 Official certification by a designated agency or 
organization could be compulsory. State-funded 
land grant university laboratories or non-profits could 
serve as the certifying entity, or a legislatively defined 
standard could be mandated.

Harmful plastic accumulates in natural and man-made 
environments.

52 STANFORD ENVIRONMENTAL RESE ARCH  2018 YE AR IN REVIEW



Research Brief

Stanford Woods Institute for the Environment  |  woods.stanford.edu 

Ecocyclable Definition*

A material, including its additives, is Ecocyclable 
in a given environment if it satisfies the following 
criteria for degradability, bioaccumulation and 
toxicity:

1. In a 180-day period in a specific environment, 
representative samples of the material degrade 
to an extent at least 25% of that observed in 
an equivalent mass of the reference sample – 
either cotton fiber or poly-3-hydroxybutyrate 
(PHB) - and the reference sample has equivalent 
or greater surface area relative to the material 
sample; AND within 180 days to 18 months 
in that environment, samples of the material 
degrade to at least 90% of that observed in an 
equivalent mass of the reference sample;

2. The material and associated additives do not 
bioaccumulate in representative organisms; and 

3. The material and/or its additives have toxicity 
that is not significantly greater than that of a 
comparable composition of either cotton fiber 
or PHB under acute and chronic exposures to 
environmentally relevant concentrations.

*Note: the Ecocyclable standard is a trial model and will require 
refinement through additional laboratory testing.

McDevitt, J., C. S. Criddle, M. Morse, R. Hale, C. Bott, and C. 
Rochman. 2017. Addressing the issue of microplastics in the wake 
of the Microbead-Free Waters Act—a new standard can facilitate 
improved policy. Environmental Science and Technology 51 (12): 
6611–6617.

2

Background

An estimated eight million metric tons of plastic waste 
enters our oceans annually, with a tenfold increase 
projected by 2025. These microplastics come from 
many sources, including manufactured microbeads 
and the breakdown of larger plastic products. The 
Microbead-Free Waters Act of 2015 bans the use of 

small manufactured plastic particles in personal care 
products such as facewash, toothpaste and bodywash, but 
overlooks other microplastics.

To understand broader health and environment 
implications, and to find solutions, California legislators 
passed the California Safe Drinking Water Act: 
microplastics (SB-1422) and the Ocean Protection 
Council: Statewide Microplastics Strategy (SB-1263). 
Both require the development of scientific testing 
methodologies and standards. When developing such 
standards and strategies, it is important to consider 
multiple scenarios because microplastics contamination 
occurs in both natural and man-made environments.

Banning a particular compound is usually unsuccessful 
because plastic compositions can be readily changed. A 
more effective policy strategy would involve establishing 
a set of universally accepted and scientifically verifiable 
standards. These standards would ensure that all plastic 
materials be uniformly tested and given objective 
environmental safety ratings. 

Microbeads
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Eight million metric tons of plastic waste enters the oceans annually. 3

The Ecocyclable framework outlines a standardized set 
of criteria that can be employed to measure a plastic’s 
degradability, toxicity and bioaccumulation against 
known bio-safe polymers. Those that fail the test would 
not receive the Ecocyclable or bio-safe designation.

Implementing microplastics standards approved by 
scientists, using Ecocyclable or a similar framework like 
Greenscreen (www.greenscreenchemicals.org), could 
also lead to wider adoption of safer, already-available 
plastic alternatives. A standard can provide material 
designers with clear targets. Legislation can incentivize 
development and use of Ecocyclable materials, creating 
new markets. This, in turn, can stimulate private-sector 
innovation and scale up, decrease costs, and ensure 
market prices of conventional plastics reflect their true 
costs to the environment and society.  

About the Author

Craig Criddle is a Professor of Civil and Environmental 
Engineering; Director of the William and Cloy Codiga 
Resource Recovery Center; and a Senior Fellow at the 
Woods Institute for the Environment. Special thanks to 
co-author Jason McDevitt for his helpful comments and 
suggestions.

This brief is based on the paper “Addressing the Issue of Microplastics 
in the Wake of the Microbead-Free Waters Act: A New Standard Can 
Facilitate Improved Policy.”
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Mapping Stressors and Coral Reef Recovery

Wedding, Lisa M; Lecky, Joey; Gove, Jamison M; Walecka, 
Hilary R; Donovan, Mary K; Williams, Gareth J; Jouffray, 
Jean-Baptiste; Crowder, Larry B; Erickson, Ashley; Falinski, 
Kim. (2018). Advancing the integration of spatial data to 
map human and natural drivers on coral reefs. Plos ONE, 
13(3), e0189792.

Many of Hawaii’s once-thriving coral reefs are now 
struggling to recover from recent extreme coral bleaching 
caused by rising water temperatures. These periodic 
increased temperatures combined with coastal runoff, 
fishing pressure and other impacts are all suspected of 
contributing to slow reef recovery.

As a way of understanding which factors had the biggest 
impacts on Hawaii’s corals, a group of researchers from the 
collaborative Ocean Tipping Points project, co-led by Larry 
Crowder, Professor at Hopkins Marine Station, completed 
the first-ever comprehensive map of how both humans and 
natural events influence overall reef health.

When we jumped into the water in 
west Hawaii, over half of the coral reef 
was dead. These are some of Hawaii’s 
most vibrant coral reefs, so we were 

heartbroken – and determined to better 
understand how reef ecosystems could be 

more resilient in the future.

— Lisa Wedding, research associate at Stanford’s Center  
for Ocean Solutions

To find out what factors play the largest role in reef 
resilience, the group synthesized 10 years of datasets from 
university and government sources examining factors they 
knew had an impact on coral reefs, such as sedimentation, 
development and fishing.

This analysis revealed that for the densely populated island 
of Oahu, dominant stressors were human activities, such as 
fishing and loss of natural habitat to coastal development. 
Sedimentation and nutrient runoff were dominant forces 
on less populated islands.

The research team’s findings highlight the importance of 
tailoring strategies based on location to effectively address 
local impacts. Data created by this mapping study are 
available for free at the Pacific Islands Ocean Observing 
System, where scientists, managers and members of the 
public can explore and further analyze what drives variation 
on coral reefs. 
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