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PREVIEW OF VERMONT JOURNAL OF ENVIRONMENTAL
LAW, VOLUME 17, ISSUE 4:
THE “LAKE CHAMPLAIN EDITION”

Joseph Simpson

Dear Readers,

Welcome to Volume 17, Issue 4 of the Vermont Journal of
Environmental Law. To those of you who regularly look to our journal for
novel ideas in environmental law, thank you for your continued loyalty and
support. To those of you who may be coming across our journal for the first
time, we hope we provide you with expert legal analysis and arguments that
you find useful to your research and arguments. With articles covering
major environmental statutes, international environmental agreements,
comparative approaches to environmental regulation, and original policy
proposals, the Journal hopes to provide quality reading for everyone from
the casual legal scholars to the front-line policy experts.

This specific issue focuses on the recently approved Lake Champlain
Phosphorus Total Maximum Daily Load (“TMDL”) for twelve Vermont
segments of Lake Champlain. Each segment has its own TMDL, but the
authors within the issue will typically refer to the TMDLs as a singular
TMDL because of the single controlling framework. Unlike a standard
issue of a legal journal that has articles written almost exclusively by
lawyers, law professors, and law students, this issue also provides articles
written by scientists, engineers, and policymakers who had direct influence
on the development of the 2016 Lake Champlain TMDL. These authors
provide a rare opportunity to combine into one book the first-hand
knowledge of a major regulatory framework.

Throughout this issue, the authors and editors intend to provide
historical, scientific, policy, and legal analysis of the development of the
2016 Lake Champlain TMDL. While the Clean Water Act and many other
key environmental statutes are passed by the United States Congress, the
implementation of those environmental laws happens from the ground on
up. This issue uses the 2016 Lake Champlain TMDL to show how the
implementation of a major regulatory framework depends on the
intertwined relationship between the regulated community, nonprofit
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organizations, and many branches of state government to be successful. By
providing all of this analysis in one source, readers should walk away with
a greater understanding of the legal and non-legal intricacies that go into
implementing a major regulatory framework. We hope you enjoy this story
of a small state that got a big win for clean water.

Sincerely,

Volume 17 Editorial Board and Staff
Vermont Journal of Environmental Law
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ECOLOGICAL INTEGRITY OF LAKE CHAMPLAIN

David K. Mears and Trey Martin*

INtrOAUCHION. ...ttt 470
I. Summary of the SYMPOSIUM ......cccccviiviiiriiiiieriecie e 471
II. What IS @ TMDL? .....oouieiiiieieieeeeeseeee ettt 473
III. Brief Introduction to the Lake Champlain TMDL..........c.ccccceevuenneen. 474
IV. Origins of this VIEL ISSUC.......cccccveviiiviiiiieriecie et 477
V. Goals of this VIEL ISSUE.....c..cevotiriiiiiiiiieieieee e 479
CONCIUSION ...ttt ettt st ettt e e eas 480

“Q: What do you call 100 lawyers at the bottom of Lake Champlain?
A: A good start.”

—Popular joke in Vermont.

“There are two things that interest me: the relation of people to each other,
and the relation of people to the land.”

—Aldo Leopold
INTRODUCTION

The genesis for this issue of the Vermont Journal of Environmental
Law (“VJEL”) was a dynamic and informative symposium held on October

1. David Mears is currently Vice Dean for Faculty and Professor of Law. He was
Commissioner of the Department of Environmental Conservation within the Vermont Agency of
Natural Resources while the Lake Champlain Phosphorus TMDL and implementation plan were being
developed by the U.S. Environmental Protection Agency and the Department. Trey Martin is Deputy
Secretary of the Vermont Agency of Natural Resources where he has worked since 2012 as an attorney
and in his current capacity. The views expressed in this article are theirs alone and do not necessarily
reflect the position of the Vermont Law School or the State of Vermont.

2. CURT MEINE, ALDO LEOPOLD: HIS LIFE AND WORK (Madison: Univ. of Wis. Press,
2010).
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23, 2015 at Vermont Law School (“VLS”). The symposium was entitled
TMDLs 2.0: Charting a Course for Clean Water and included presentations
from and dialogue among an impressive array of scholars and practitioners
in the arena of water-quality-protection policy and law. At a time when the
health of some of our most treasured waterbodies across the nation is
declining, with significant environmental and economic consequences, the
panelists at the symposium discussed the unfulfilled promise of the use of
total maximum daily loads (“TMDLs”) under Section 303(d) of the federal
Clean Water Act (“CWA”).?

I. SUMMARY OF THE SYMPOSIUM

Two major themes emerged from the conversations at the symposium.
In one strand of discussion, the participants asked and debated whether
litigation that has driven the development of TMDLs has in turn led to
positive results for our nation’s waters. In another, the symposium’s
speakers and the audience also explored ways in which we can reimagine
the ways we live on the land in a manner that accommodates a human
presence while meeting our shared goal of protecting clean water.

Vermont was an ideal location for this discussion given the state’s
proud history on environmental issues, engaged citizenry, and a broadly
shared desire in this state to protect and promote a landscape of prosperous
cities and villages in which our communities are supported by working
fields and forests, surrounded by green hills and silver waters.* The
symposium discussion was also enriched by the fact that the Environmental
Protection Agency (“EPA”) and the State of Vermont were, at the time of
the symposium, in the final stages of the process of adopting a major new
TMDL and implementation plan addressing nutrient pollution into Lake
Champlain. Additional wind in our sails was the passage of Act 64, referred
to as “Vermont’s Clean Water Act,” in the 2015 legislative session.

As a brief aside, it is worth noting that over the last forty years, and
especially the last fifteen, Vermont state officials, legislators, and advocates
have given intense focus to the complex environmental, fiscal and practical
problems that prevent even small states like Vermont from making progress
on large watershed problems like phosphorus pollution in Lake Champlain.

3. 33 U.S.C. § 1313(d) (2012) (“Each state shall establish . . . the total maximum daily
load . . . at a level necessary to implement the applicable water quality standards . . . .”).

4. VT. COUNCIL ON RURAL DEV., IMAGING VERMONT: VALUES AND VISION FOR THE
FUTURE 25-27 (2009),

http://vtrural.org/sites/default/files/content/futureofvermont/documents/Imagining_ Vermont FULL Re
portl.pdf [https://perma.cc/AQ9IS-VFST].
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This experience greatly influenced the legal approach Vermont took in
negotiating the new Lake Champlain TMDL with EPA. Vermont also drew
heavily on lessons learned around the country including the Chesapeake
Bay region. The symposium provided a perfect forum at an ideal time to
reflect on Vermont’s experience and that of other regions of the country.

On one hand, the TMDL symposium highlighted that recent TMDLs
developed for Chesapeake Bay and Lake Champlain are breaking new
ground.” On the other, participants also discussed the fact that research to
date suggests that EPA and state environmental agencies have not been able
to demonstrate sufficiently meaningful results even after many thousands of
TMDLs have been completed. ® Other participants critically evaluated
whether the major pollution issues in the Mississippi River Basin, toxic
chemicals in the sediment of the Spokane River, or pollution associated
with agricultural operations could even be addressed using TMDLs. ’ Most

5. A panel moderated by Vermont Law School Professor John Echeverria entitled
American Farm Bureau v. EPA: Protecting the Chesapeake featured: Jon A. Mueller, Vice-President for
Litigation, Chesapeake Bay Foundation; Richard E. Schwartz, Partner, Crowell & Moring; Nina Bell,
Executive Director, Northwest Environmental Advocates; and Mary Jane Angelo, Professor of Law,
Alumni Research Scholar, and Director, Environmental and Land Use Law Program, University of
Florida Levin College of Law. Vermont Law School, American Farm Bureau v. EPA: Protecting the
Chesapeake, YOUTUBE (Nov. 25, 2015), https://www.youtube.com/watch?v=8LEaupBEMpo
[https://perma.cc/9AXB-YS5XZ].

Another panel, moderated by Vermont Law School Professor Laurie Ristino entitled The Lake
Champlain TMDL featured: Deborah Markowitz, Secretary, Vermont Agency of Natural Resources;
Chuck Ross, Secretary, Vermont Agency of Agriculture, Food & Markets; Stephen Perkins, Aquatic
Ecosystems Program Manager, U.S. Environmental Protection Agency, Region 1; Chris Kilian, Vice
President and Director, Conservation Law Foundation Vermont; and author David Mears. Vermont Law
School, October 23, 2015 VJEL Symposium: The Lake Champlain TMDL, YOUTUBE (Dec. 1, 2015),
https://www.youtube.com/watch?v=d50I57qMjhw [https://perma.cc/63WE-YGG2].

6. Dave Owen, Professor of Law, University of California Hastings College of the Law,
delivered the morning keynote presentation After the TMDLs, with a data rich exploration of the results
achieved through TMDLs thus far. Vermont Law School Oct23 2015 VJEL Symposium Morning
Keynote: After the TMDLs, YouTube (Dec. 9. 2015),
https://www.youtube.com/watch?v=koCsTOxHuP8 [https:/perma.cc/FTSV-ACU2]; see also Dave
Owen, After the TMDLs, infra p.845.

7. One panel, entitled Cutting Edge Litigation I: Exploring the Gulf of Mexico and Toxics
in Washington State and moderated by Vermont Law School Professor Jack Tuholske included: Richard
A. Smith, Managing Partner, Smith & Lowney, PLLC; Richard E. Schwartz, Partner, Crowell &
Moring, LLP; and Matt Rota, Senior Policy Director, Gulf Restoration Network. Vermont Law School,
Oct23 2015 VJEL  Symposium  Litigation I, YouTube  (Nov. 30, 2015),
https://www.youtube.com/watch?v=bPuknydJdIs [https://perma.cc/4868-S3WG].

Another panel, entitled Cutting Edge Litigation II: Agricultural Tile Drains and the
Effectiveness of TMDLs moderated by Vermont Law School Professor Laura Murphy included: Charlie
Tebbutt, Law Offices of Charles M. Tebbutt, P.C.; Debora K. Kristensen, Partner, Givens Pursley, LLP;
Jerry Anderson, Richard M. and Anita Calkins Distinguished Professor of Law, Drake University Law
School; and Mark James, Global Energy Fellow in Vermont Law School’s Institute for Energy and the
Environment. Vermont Law School, 2015 VJEL Symposium: Cutting Edge Litigation II: Agricultural
Tile Drains . . .TMDLs, YOUTUBE (Dec. 1, 2015), https://www.youtube.com/watch?v=2mSP98G_BvU
[https://perma.cc/GYM3-VNAS].
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participants likely left the symposium partly uncertain whether our national
clean water policy is on the right track, but also armed with a rich array of
ideas and tools to support a course correction.

II. WHAT IS A TMDL?

Professor Oliver Houck of Tulane University School of Law, one of the
nation’s preeminent scholars of the CWA and a keynote speaker at the
symposium, describes TMDLs as “a water-quality based strategy for waters
that remained polluted after the application of technology-based
standards.”® More specifically, he explains the process as follows:

States would identify waters that remained polluted after the
application of technology-based standards, they would determine
the total maximum daily loads (TMDLs) of pollutants that would
bring these waters up to grade, and they would then allocate these
loads among discharge sources in discharge permits and state
water quality plans. If the states did not do it, EPA would.’

In the strictest sense of the CWA, TMDLs are a regulatory pollution
diet born out of a largely mathematical exercise of calculating the necessary
reductions in pollutant loads into those waters that are not meeting clean
water standards. The acronym (and the underlying phrase) has come to
mean much more, encapsulating the obligations of industry, farmers, and
landowners subject to the plans, aspirations of clean water advocates, and
planning efforts of regulatory agencies, municipal leaders, and state
legislators. These groups and others must work together under EPA’s
jurisdiction to give life to the mathematical requirements of the TMDL,
which are often given flesh in implementation plans state regulatory
agencies develop in addition to TMDLs in order to achieve the necessary
pollution reductions. It was in the spirit of this broader meaning that the
TMDL symposium’s participants explored opportunities for using this
provision of the law to do a better job of addressing the most persistent and
difficult challenges facing us as we seek to fulfill the promise of the CWA
to “restore and maintain the chemical, physical and biological integrity of
the Nation’s waters.”'’

8. OLIVER HOUCK, THE CLEAN WATER ACT TMDL PROGRAM: LAW, POLICY, AND
IMPLEMENTATION 3 (1999).
9. Id. at 5.

10. 33 U.S.C. § 1251(a).
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III. BRIEF INTRODUCTION TO THE LAKE CHAMPLAIN TMDL

In Vermont, we start the second half of the 2010s following an
intensive conversation and effort over a period of almost four decades to
define a more effective path for protecting Lake Champlain using a TMDL-
centered approach.'' The most recent chapter of this conversation was
triggered by an EPA decision issued in January 2011, just days after
Professor Mears was appointed Agency of Natural Resources, Department
of Environmental Conservation (“DEC”) Commissioner by Vermont
Governor Peter Shumlin, to disapprove the 2002 State of Vermont Lake
Champlain Phosphorus TMDL."> EPA’s decision was driven, in turn, by a
lawsuit filed by the Conservation Law Foundation challenging EPA’s
approval of the 2002 TMDL." While states typically issue TMDLs, EPA is
required by the CWA to issue its own TMDL in the event that it
disapproves one issued by a state.'"* EPA and Vermont elected, within that
legal framework, to cooperate in the development of the TMDL and
redeveloping of the state’s implementation plan, sharing information and
ideas throughout the process.

Eric Smeltzer and Kari Dolan provide, in two of the articles in this
issue, a more detailed explanation of how Vermont and EPA have sought to
use the TMDL process to bring Vermonters together in a shared
understanding of the data, science, and policy challenges facing the state
and region."” Smeltzer describes the use of updated data and computer
modeling to illustrate the choices necessary to achieve the required
pollution load reductions. Dolan describes the public process and
collaboration between Vermont and EPA leading to the choices reflected in
the state’s implementation plan.

As Dolan explains, in addition to technical challenges, legal
positioning, and legislative efforts, a major part of the process in the
development of the Lake Champlain Phosphorus TMDL and accompanying

1. Restoring Lake Champlain, VT. DEP’T  ENVTL.  CONSERVATION,
http://dec.vermont.gov/watershed/cwi/restoring [https://perma.cc/H8YA-GANS] (last visited July 8,
2016); Eric Smeltzer, History of Vermont’s Lake Champlain Phosphorus Reduction Efforts, infra p. 615.

12. STATE OF VT., VERMONT LAKE CHAMPLAIN PHOSPHOROUS TMDL PHASE I
IMPLEMENTATION PLAN 18 (2015),
http://dec.vermont.gov/sites/dec/files/wsm/erp/Champlain/docs/Ph%201_plan_Version_4.pdf
[https://perma.cc/G3XT-67XA].

13. 1d.
14. 33 U.S.C. § 1313(d)(2).
15. Eric Smeltzer, Technical Explanation of the 2016 TMDL Issued by EPA, supra p. 650;

Kari Dolan, The Importance of Inter-Agency Collaboration and Public Engagement in the Development
of the Implementation Plan for the Nonpoint Source-Focused Vermont Lake Champlain Phosphorus
TMDL, infra p. 663.
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implementation plan was outreach to the public. EPA and Vermont state
agencies met with people representing a wide array of perspectives from
across the watershed. Participants in the process had the opportunity to
offer their ideas for improving the lake, ask practical questions, and express
concerns about the feasibility, cost, or desirability of action. Perhaps not
surprisingly, the common theme that emerged from those conversations was
that Vermonters love Lake Champlain, they grasp the environmental
significance, economic cost, and health risks associated with allowing its
continued decline and they have many good, some competing, ideas for
protecting the lake. Working within this context, state and federal officials
worked to develop an approach that was based in science and data, targeted
at the most significant sources of pollution, in order to produce measurable
results and a healthier Lake Champlain.

Another theme that emerged—Iless romantic and more specific, but
consistent with public expectations for targeted actions—was the shared
desire of Vermonters to tackle the major challenge in the Lake Champlain
Watershed, namely polluted stormwater runoff. This type of water pollution
flows from many sources, including paved and other impervious surfaces in
developed areas, unpaved roads, roadside ditches, farm fields, and
streambank and bed erosion. Nearly every human activity on the landscape,
if not done with care, has the potential to increase the volume and intensity
of runoff, carrying nutrient, sediment, and other pollutants, that inexorably
finds its way to Lake Champlain. Tropical Storm Irene arrived during the
development of the Lake Champlain Phosphorus TMDL and reinforced for
the public and government officials the growing scientific consensus that
the Lake Champlain region is getting wetter and facing more frequent and
intense precipitation events, both rainfall and snowmelt. During Tropical
Storm Irene, when three to seven inches of rain fell on Vermont in a
twenty-four-hour period, excess stormwater overwhelmed already flooding
streams and rivers, streambanks eroded, and massive sediment loading
occurred at the mouths of all of Lake Champlain’s tributaries.'®

As is discussed in several of the articles, the fact that polluted
stormwater control is still a problem over forty-five years after the passage
of the CWA should not be a surprise given that the Act was not clear on the
precise mechanism for controlling this category of pollution. Congress did
not provide a detailed set of specific technology-based controls as it did for
point-sources, such as municipal and industrial wastewater treatment plants.
While states are clearly free to enact protections that go beyond the

16. David K. Mears & Sarah McKearnan, Rivers and Resilience: Lessons Learned from
Tropical Storm Irene, 14 VT.J. ENVTL. L. 177, 178 (2013).
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congressional scheme, the Act does not provide specific direction for states
nor a clear mechanism for EPA oversight of state action.'’

Learning that polluted stormwater runoff is the major challenge facing
Lake Champlain is also not surprising when you learn that the Lake
Champlain Watershed has one of the highest ratios of land to water of any
major waterbody in the United States. Nearly ninety percent of the water
flowing into Lake Champlain flows across a landscape of farms, working
forests, and developed land through a system of rivers that have been
significantly altered over time.'® While the parts of Vermont, New York,
and Québec that are in the Lake Champlain Watershed are largely rural, the
landscape of this region has been intensively touched by human hands over
its history and most of that activity has taken place without an
understanding of the impact that land use and development can have on a
receiving water like Lake Champlain or regard to practices that might
mitigate those impacts. Indeed, Vermont is still learning how to balance
development and economic growth with protection for water resources.

The fact that the sources of pollution into the Lake Champlain
Watershed are so diffuse and spread across such a wide area can seem
overwhelming, but the work of many of the authors in this issue suggest
that it should be possible to change the way in which we touch the
landscape, such that pollutant loads are reduced to levels that the watershed
can assimilate and remain healthy. While returning Vermont’s landscape to
some pristine state that existed before European settlement is not the goal
established by the state or federal clean water laws, there are opportunities
to restore the natural functions of many parts of the watershed through
conservation and improved methods of building and managing the built
environment. Restoring these natural functions through, for instance,
allowing more rainfall to infiltrate into the ground, show great promise in
reducing pollution. The authors in this issue have collectively identified
significant opportunities to invest in protecting Lake Champlain through
strategic investments in policies that use this type of approach to protect
and preserve Vermont’s landscape.

The authors also describe a process for implementing these policies in a
manner that creates transparency and accountability. From a “tactical basin
planning” process used by DEC to an “accountability framework” imposed
by EPA, the State of Vermont has worked with EPA to establish a process
that is oriented to action and results. As described in these articles, the

17. 33 US.C. § 1251.

18. Where does the Phosphorous in Lake Champlain Come from?, LAKE CHAMPLAIN
BASIN PROGRAM, http://sol.lcbp.org/Phosphorus_where-does-p-come-from.html
[https://perma.cc/3LSE-FBE2] (last visited July 8, 2016).
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TMDL and implementation plan achieve this goal through a system of
reporting and feedback with consequences for failing to implement the
plan.

Ultimately, for Vermont, the question about the effectiveness of
TMDLs can, somewhat cynically, be translated into the more specific
question: Have lawyers and decades of legal battles have been good for
Lake Champlain? It is true that litigation has driven the development of two
TMDLs, one in 2002 by the State of Vermont and one just issued by EPA
on June 17, 2016. The immediate outcomes of this litigation, in the form of
EPA’s recent TMDL and the associated Vermont implementation plan,
show promise. If successful, the development of these documents suggest
that the CWA can indeed provide a framework for restoring the quality of
Lake Champlain. What remains to be determined is a longer-term question:
Can the TMDL serve as an effective catalyst for adopting new land use and
watershed management approaches that will serve as lasting solutions and
not just short-term fixes?

IV. ORIGINS OF THIS VJEL ISSUE

At the conclusion of the symposium, authors David Mears and Trey
Martin agreed that the dialogue that took place was important—both for
Vermonters working to address Lake Champlain’s pollution problems and
for those across the country trying to use TMDLs in similarly challenging
circumstances. With the Lake Champlain Phosphorus TMDL now complete
and the experience of working with EPA, other state agencies,
communities, and organizations across the state still fresh in our minds, we
also wanted to capture the energy of other participants in the process.

Participants in the symposium heard a tension—one that we hope is
expounded in this VJEL issue—between some of the recent successes in
using TMDLs to drive action, such as in the Chesapeake Bay and Lake
Champlain on the one hand and a lack of success when viewing the effects
of TMDLs nationally. In Vermont, for example, the dialogue has been a
constructive one. As is described in the articles contained in this issue, EPA
and Vermont are engaged in the most ambitious program yet undertaken to
restore Lake Champlain. Though it is a program that will require a
sustained focus of time and resources to be successful, the Lake Champlain
TMDL and state implementation plan represent important progress.

In contrast, at the national level, the uncertainty about the effectiveness
of TMDLs has become a topic for debate and calls into question the
effectiveness of the effort by clean water advocates to galvanize states to
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more effectively protect clean water using TMDLs. " Further, questions
about the effectiveness of TMDLs, combined with litigation and
controversy surrounding the Chesapeake Bay TMDL, have become part of
a broader political discourse about the role of the federal government in
protecting clean water.”’ The adoption of new federal rules defining CWA
jurisdiction, *' the legal challenge to the Chesapeake Bay TMDL, >
legislation being considered in Congress to rollback CWA protections,”
and lawsuits across the country challenging federal efforts to protect clean
water >* all reflect this broader debate about the role of the federal
government and implementation of the CWA.

Underlying the conversations at both the state and federal level is an
ideological struggle over the role of the federal government in decisions
that involve the intersection of national interests in streams, rivers, and
lakes and local interests in the land use decisions that impact those waters.
Professor Mears touches on the issue of the appropriate balance between
federal, state, and local authority in describing the ongoing litigation over
the Chesapeake Bay TMDL, but for the most part, the articles in this issue
do not side one way or the other on this debate. Our own assumption is that

19. Dave Owen, After the TMDLs, infi-a p. 845.

20. U.S. GOV’T ACCOUNTABILITY OFFICE, CLEAN WATER ACT: CHANGES NEEDED IF KEY
EPA PROGRAM IS TO HELP FULFILL THE NATION’S WATER QUALITY GOALS 17, 22, 26-37 (2013),
http://www.gao.gov/assets/660/659496.pdf [https://perma.cc/Y6KA-PDK4].

21. See, e.g., Russell Wilson, Wetlands Determinations — Uncertainty for the Clean Water
Rule?, JDSUPRA BUS. ADVISOR (July 7, 2016), http://www.jdsupra.com/legalnews/wetlands-
determinations-uncertainty-for-15857/ [https://perma.cc/5GX9-QFEV] (discussing Supreme Court
precedent and rulings that have shaped EPA’s and the Army Corps of Engineers’ jurisdiction under the
CWA)

22. See, e.g., Karl Blankenship, Supreme Court Refuses To Hear Bay Cleanup Challenge,
BAY J. (Feb. 29, 2016),
http://www.bayjournal.conmv/article/supreme_court _refuses to_hear bay cleanup_challenge
[https://perma.cc/NZQ8-N3W8] (recapping the American Farm Bureau Federation’s challenge alleging
that the Chesapeake Bay TMDL is the “federal government [] effectively seizing land use authority
from state and local governments”)

23. See, e.g., House Looks To Roll Back Clean Water Protections, S. ENVTL. L. CTR. (Jan.
11, 2016), https://www.southernenvironment.org/news-and-press/news-feed/house-looks-to-roll-back-
clean-water-protections [https://perma.cc/W5MS-7VIJW] (discussing bills in the U.S. House of
Representatives that would effectively prevent EPA and the Army Corps of Engineers from moving
forward with the new Clean Water Rule and prevent them from clarifying the waters that are under

CWA jurisdiction)
24. See, e.g., Sabrina Eaton, Ohio Sues U.S. Environmental Protection Agency over New
Water Regulations, CLEVLAND.COM (June 29, 2015),

http://www.cleveland.com/open/index.ssf/2015/06/ohio_sues_environmental protec.html
[https://perma.cc/Q5CF-3VFY] (“The lawsuit DeWine submitted to the United States District Court for
the Southern District of Ohio is among a flurry of challenges to the rule that were filed today in federal
courts.”); Press Release, Ctr. for Biological Diversity, Lawsuit Challenges Loopholes in New EPA Rule
Exempting Wetlands and Streams from Clean Water Act Protections (July 22, 2015),
https://www.biologicaldiversity.org/news/press_releases/2015/clean-water-act-07-22-2015.html
[https://perma.cc/S7TXC-U4KB].
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collaboration among local, state, and federal officials is critical to ultimate
success and, consequently, that federal authority and resources will remain
an important backdrop to meaningful progress, even as state and local
officials, legislators, and advocates work to implement both federal and
state laws in a cost-effective and strategic manner.

This issue also reflects our bias that limiting the dialogue to just the
legal and policy considerations is insufficient. It is axiomatic that solving
environmental problems requires an interdisciplinary approach. This is
nowhere more true than in large watersheds where technology and
innovation, law, policy, and science must all come into play to forge
successful outcomes. While lawyers have an important role to play, the
work of scientists in understanding the nature of the water pollution
challenges we face is fundamental to ensuring that our policies and laws are
targeted correctly. Sophisticated policy experts and dedicated public
officials and legislators are needed who will listen to both scientists and to
the broader public in order to develop effective solutions that can maintain
long-term investments in governmental authority and resources. Finally, the
dialogue is incomplete without the foundation for action by developers,
builders, forest managers, and farmers developed by engineers, planners,
and others responsible for designing the landscape-scale solutions we need
to fully restore our nation’s waters.

V. GOALS OF THIS VJEL ISSUE

This issue is designed to broaden the dialogue started at the symposium
in October of 2015 to incorporate perspectives and ideas from as many of
the relevant professions as possible within the constraints of time and space.
As you peruse the list of articles, you will see contributions from a diverse
collection of authors including scientists, engineers, and public policy
experts from a range of backgrounds including public, private, and non-
profit organizations. These authors are, in addition to being innovators in
their fields, also fully engaged in both designing and implementing the
work of restoring Lake Champlain. As editors, we have not so much strived
to represent a diversity of public policy perspectives or ideologies as to
gather a diversity of perspectives based on our contributors’ professional
backgrounds and hands-on experience with the topic.

If not already evident, we want to be clear that we have assumed that
our readers share our perspective that it is important and necessary to find
ways to achieve the goals of the CWA to restore and maintain the
ecological integrity of our nation’s waters. It may also be evident that we
share a strong sense of optimism that Vermont is on the right track for
restoring Lake Champlain. In full disclosure, we are personally invested in
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the success of the state’s current path given our participation in its
development.

The ultimate goal for the editors and authors of this issue is to
contribute meaningfully to a dialogue that has been underway for several
decades in Vermont and nationally about how to restore clean water to our
most precious estuaries, bays, lakes, and river systems. Each of the articles
is intended to stand alone, but together, they offer a glimpse into the deeper
levels of and connections between the legal, policy, scientific, and other
areas of inquiry necessary to understand the challenges and opportunities of
the Lake Champlain watershed.

This issue does not— and could not—accomplish our greatest aspiration: a
compendium of all of the information necessary to solve all of the
challenges facing those who would restore Lake Champlain. For one thing,
though our understanding is growing by leaps and bounds, much of that
information does not yet exist. We will continue to learn from our mistakes
and continue to refine our approaches to adapt to what we learn. Another
reason this issue cannot serve as a complete instruction manual is that we
would fill a set of volumes approaching a full set of the Encyclopcedia
Britannica if we tried to capture the full array of knowledge necessary to
address water pollution across a landscape as large and complex as the Lake
Champlain Watershed. As it is, we leave gaps in important areas such as
cost-benefit and macro-economic analyses, forest management and health,
consideration of invasive species, atmospheric deposition of pollutants, and
the effects of pharmaceuticals and endocrine-disrupting toxins. We hope,
however, that readers find this a useful start and find both inspiration and
helpful insights for their own work, whether in the Lake Champlain
Watershed or elsewhere. We also hope, and expect, that others will develop
responses and provide information to fill gaps in perspective and
knowledge.

CONCLUSION

The CWA and the litigation leading up to the establishment of a new
TMDL for Lake Champlain, along with the Vermont implementation plan
are an important, but insufficient, part of the progress to date. Municipal
governments, transportation agencies, farmers, developers and business
owners, watershed groups, conservation districts, and many others have
taken important steps to reduce pollution into Lake Champlain over the past
decade.

The ultimate long-term success of the Lake Champlain Phosphorus
TMDL depends, however, upon on a much larger number of organizations
and citizens across the Lake Champlain Watershed to engage, building on
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past lessons and rolling up their sleeves, to solve the real but manageable
challenges facing us as we implement the plans developed under the
auspices of federal and state clean water law. This is also true for other
major and minor watersheds across Vermont and the nation. Our hope is
that this issue provides a helpful explanation of how this work can be done
for Lake Champlain and other waters across the country. We also hope that
we have contributed ideas for ways that other states and the federal
government can adapt and improve the existing structure established by the
CWA.
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INTRODUCTION

Lake Champlain is a glacially carved water body in the St. Lawrence
River drainage.' The lake sits in the low point of a valley between the
Adirondack Mountains of New York and the Green Mountains of
Vermont.” The border between New York and Vermont follows the deepest
part of the lake.’ A small portion of the lake resides in Quebec.* Land use in
the basin is 64.3% forest, 16% agriculture, and 5.6% developed land with
the remainder being wetlands and open water.’ Relatively flat, fertile lands
extend to the east between the lake and the Green Mountains.® This area has

* Staff Scientist, Lake Champlain Committee.

1. RICHARD W. LANGDON ET AL., FISHES OF VERMONT 6 (2006).

2. Physiographic Regions, LAKE CHAMPLAIN BASIN ATLAS,
atlas.lcbp.org/PDFmaps/nat_geologyA.pdf [https://perma.cc/CZV3-9TLD] (last visited Apr. 24, 2016).

3. 10 VT. STAT. ANN. § 114(a) (defining the border between Vermont and New York).

4. Political Boundaries, LAKE CHAMPLAIN BASIN ATLAS,

http://atlas.lcbp.org/PDFmaps/nat_political.pdf [https://perma.cc/SP7X-CC28] (last visited Apr. 24,
2016).

5. People and Economy: Basin Landscape, LAKE CHAMPLAIN BASIN ATLAS,
http://atlas.lcbp.org/HTML/so_landuse.htm [https:/perma.cc/DC7TH-NGV2] (last visited Apr. 12, 2016).
6. Geological History of  the Champlain Valley, U. OF VT,

http://www.uvm.edu/~shelburn/nature/geology.html [https://perma.cc/2M6A-3CH9] (last visited Apr. 3,
2016).
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the highest concentration of agricultural lands. © To the west, the
Adirondacks are much closer to the lakes shore.® As a result, the Vermont
portion of the basin has a higher population density and more farmland than
does the New York portion.’

Lake Champlain is within the Laurentian Mixed Forest Ecoregion.'® As
such, it shares a similar climate, topography, forest type, and soil type with
the Great Lakes, St. Lawrence Valley, central and western New York, and
northern Pennsylvania.'' Precipitation ranges from 760 to 1020 mm;
snowfall averages 1,020 to 1,520 mm in the Champlain Valley.'? Mean
annual temperature ranges from 39 to 45 °F (4 to 7 °C)."” The growing
season generally lasts about 160 days.'* The Lake Champlain drainage
basin to lake volume ratio (19:1) is quite high for a glacially carved lake."
It is reasonable to expect areas of Lake Champlain with higher watershed to
lake area ratios to have greater issues with cyanobacteria and other plant
growth. Larger watersheds generate more nutrient pollution.'® The ratio of a
lake’s drainage area to its surface area is positively correlated to external
inputs of nutrients, thus to increasing primary productivity.'” Missisquoi
Bay and the South Lake have the highest watershed to lake area ratios."®

7. Phosphorus  Loading by Land Use, LAKE CHAMPLAIN BASIN PROGRAM,
atlas.lcbp.org/PDFmaps/is_pnps.pdf [https://perma.cc/V369-ZXHL] (last visited Apr. 24, 2016).

8. Physiographic Regions, supra note 2.

9. What the 2012 U.S. Census Estimates Tell Us About the Adirondack Park’s Population

and the State of Rural America, PROTECT THE ADIRONDACKS, www.protectadks.org/2013/03/What- the-
2012-U.S-Census-Estimates-Tell-Us-about-the-Adirondack-Park’s-Population-and-the-State-of-Rural-
America [https://perma.cc/MMG8-VPX6] (last visited Apr. 3, 2016); People & Economy, LAKE
CHAMPLAIN BASIN PROGRAM, atlas.lcbp.org/HTML/so_pop.htm [https://perma.cc/S8OND-FBP2] (last
visited Apr. 3, 2016).

10. Ecological ~ Subregions of the United States, U.S. FOREST SERV,
http://www.fs.fed.us/land/pubs/ecoregions/ch14.html#212E [https://perma.cc/284R-RC5N] (last visited
Apr. 9,2016).

11 Id.
12. Id.
13. Id.
14. Id.
15 Watershed Wise, U OF VT. WATERSHED ALL.,

http://www.uvm.edu/watershed/watersheds [https://perma.cc/8PXX-WZ8Z] (last visited Apr. 19, 2016).

16. Simone R. Alin & Thomas C. Johnson, Carbon Cycling in Large Lakes of the World: a
Synthesis of Production, Burial, and Lake-Atmosphere Exchange Estimates, 21 GLOBAL
BIOGEOCHEMICAL CYCLES 1, 7 (2007).

17. 1d.

18. U. OF VT. WATERSHED ALL., supra note 15.
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I. PEOPLE IN THE BASIN

Approximately 600,000 people live in the Champlain Basin.
Population is centered in Chittenden County, Vermont and Clinton County,
New York. In Chittenden County, the largest communities by population
according to the 2010 U.S. Census are Burlington (42,417), Essex (19,587),
South Burlington (17,904), and Colchester (17,067).% Plattsburgh, at
19,740 people, is the largest community in Clinton County.?' In the
southern part of the basin, Rutland, Vermont has 16,495, and Queensbury,
New York, which is only partially in the basin, has 27,901.

Lake Champlain provides drinking water for approximately 145,000
people.” In total, there are 73 public water supply systems drawing from
the Vermont side of the lake and 26 on the New York side.” By far, the
largest water suppliers are the city of Burlington, Vermont, serving 42,000
people, and the Champlain Water District, which serves 70,000 in a number
of cities and towns in Chittenden County, Vermont.” Public drinking water
suppliers comply with the Federal Safe Drinking Water Act, which requires
monitoring for 84 potential contaminants.*

The lake serves as a major recreational and tourist draw for the region.
Vermont’s four main lakeside counties generate approximately $300
million in tourist revenue annually.”’ Fishing related expenditures for the
basin were estimated at $104 million in 1997.%*

19. WILLIAM G. HOWLAND ET AL., LAKE CHAMPLAIN EXPERIENCE AND LESSONS
LEARNED BRIEF § 2, http://www.worldlakes.org/uploads/07 Lake Champlain_27February2006.pdf
[https://perma.cc/Y874-V2QM] (last visited Apr. 3, 2016).

20. U.S. DEP’T OF COMMERCE, VERMONT: 2010 CENSUS OF POPULATION AND HOUSING
16, 11, 28, 29 (2010), https://www.census.gov/prod/cen2010/cph-2-47.pdf [https://perma.cc/ZTV6-
RAAV].

21. U.S. DEP’T OF COMMERCE, NEW YORK: 2010 CENSUS OF POPULATION AND HOUSING
15 (2010), https://www.census.gov/prod/cen2010/cph-2-34.pdf [https://perma.cc/EAXM-BHNM].

22. VERMONT CENSUS 2010, supra note 20, at 13.

23. LAKE CHAMPLAIN BASIN PROGRAM, 2015 STATE OF THE LAKE AND ECOSYSTEMS

INDICATORS REPORT 16, http://sol.Icbp.org/images/State-of-the-Lake 2015.pdf [https://perma.cc/EY8K-
WGD6] (last visited Apr. 4, 2016).

24. Id.

25. Welcome to  Champlain ~ Water  District, ~CHAMPLAIN  WATER  DIST.,
http://www.champlainwater.org/ [https://perma.cc/58VB-9WIQ] (last visited Apr. 3, 2016).

26. Safe Drinking Water Act, 42 U.S.C. § 300f (1974).

27. BRIAN VOIGT ET AL., AN ASSESSMENT OF THE ECONOMIC VALUE OF CLEAN WATER IN
LAKE CHAMPLAIN 3 (2015), http://www.lcbp.org/wp-
content/uploads/2013/03/81_VoigtEconomicsFinalReport1.pdf [https://perma.cc/JPON-BEVQ].

28. GILBERT, ALPHONSE HENRY, LAKE CHAMPLAIN ANGLER SURVEY 1997: A REPORT

SUBMITTED TO THE FISHERIES TECHNICAL COMMITTEE, LAKE CHAMPLAIN FISH AND WILDLIFE
COOPERATIVE (2000).
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II. LAKE LEVELS

The minimum level of Lake Champlain is established by a bedrock sill
overlain by silty moraine material downstream of the lake in the Richelieu
River at St. Jean Sur Richelieu, Quebec.” This geologic feature prevents
the lake from falling below 27.7 meters above sea level.”® Alterations to the
channel at the outlet of the lake have led to a 0.15 meter increase in lake
level since the 1960s.?' There are no structures that can be manipulated to
control the lake’s level.

Lake levels fluctuate by approximately 1.5 meters each year and there
is over a 3 meter difference between the highest lake level recorded and the
lowest.”> Lake level typically peaks during the spring snowmelt, which
represents a basin-wide contribution of a large volume of water.” In
addition to accumulated winter snow pack melt, there is limited
evapotranspiration during this period, so all precipitation that falls runs off
quickly. ** Lake levels recede through the summer months as
evapotranspiration increases.” Summer storms tend to be localized with
little watershed-wide impact.’® Groundwater inputs to the lake are of
minimum importance relative to runoff from the watershed.”’

The lake is at flood stage when its level reaches or exceeds 30.48
meters.”® The highest lake level ever recorded was approximately 31.5
meters on May 6, 2011.*° The lowest lake level occurred in November of
1908 when the lake reached 28.16 meters.*

The International Joint Commission (“IJC”) has been asked to study the
impacts of flooding on Lake Champlain on three separate occasions. The
IJC is “an international organization created by the Boundary Waters
Treaty, signed by Canada and the United States in 1909” to prevent and

29. James B. Shanley & Jon C. Denner, The Hydrology of the Lake Champlain Basin, in
LAKE CHAMPLAIN IN TRANSITION FROM RESEARCH TO RESTORATION 41, 51 (Thomas O. Manley &
Patricia L. Manley eds., 1999).

30. Id.

31 Id. at 58.

32. See id. at 56 (indicating the historic minimum level of Lake Champlain); see also
Advanced Hydrologic Prediction Service, NAT’L WEATHER SERV.,

http://water.weather.gov/ahps2/hydrograph.php?gage=burvl &wfo=btv  [https://perma.cc/E7X4-GZP3]
(last visited Apr. 4, 2016) (indicating the historic maximum level of Lake Champlain).
33. Shanley & Denner, supra note 29, at 58.

34, Id. at 46.

35. Id. at 51.

36. Id.

37. Id. at 49.

38. NAT’L WEATHER SERV., supra note 32.
39. Id.

40. Shanley & Denner, supra note 29, at 56.
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resolve disputes between the United States of America and Canada.*' In the
1930s, 1JC performed studies and presented a plan for and approved
construction and operation of flood control works in the Richelieu River.*
This led to the construction of the Fryers Dam in 1939, but the dam was
never placed into operation.” In 1973, 1JC studied the desirability of
regulating Lake Champlain outflows using either Fryers Dam or new
control structures.** They concluded that regulation was technically feasible
but left assessments of whether such projects were desirable to the federal
governments. ** Neither government built a regulating structure.*® Most
recently, in 2013, 1JC developed a plan of study to identify means of
mitigating floods.*” This effort led to production of static flood inundation
maps and development of an approach for future flood forecasting and
floodplain mapping.**

III. THE FIVE PRINCIPAL LAKE SEGMENTS

Lake Champlain is divided into five distinct basins with significant
differences in morphology and land use from basin to basin.* The Main
Lake holds the bulk of the water and sits in a deep narrow trough, stretching
along a north south axis.”® To the north, a series of large islands separates
the Main Lake from the moderately deep Northeast Arm.”' North of the
Northeast Arm and draining into it, the broad shallow Missisquoi Bay
straddles the Vermont-Quebec border.” South of the Northeast Arm and
separated by a series of road and railroad causeways lays Mallets Bay.”® At

41. About  the I1JC, INT'’L JOINT COMM’N, http://ijc.org/en_/About the 1JC
[https://perma.cc/CS82-GTVA] (last visited Apr. 25, 2016).

42. INT’L JOINT COMM’N, A REAL-TIME FLOOD FORECASTING AND FLOOD INUNDATION
MAPPING SYSTEM FOR THE LAKE CHAMPLAIN AND RICHELIEU RIVER 1 (2015),
http://ijc.org/files/publications/Lake-Champlain-1JC-Report-to-Govts-Dec-2015-NEW.pdf
[https://perma.cc/3ZGC-FLQN].

1

43. d.

44. Id. at 1-2.

45. 1d.

46. 1d.

47. Id. at2.

48. Id. at 2-3.

49. Lake and Basin Facts, LAKE CHAMPLAIN BASIN PROGRAM,
http://www.lcbp.org/about-the-basin/facts/ [https://perma.cc/ZQM2-AAQN] (last visited Apr. 21, 2016).

50. VT. GEOLOGICAL SOC’Y, THE GEOLOGY OF THE LAKE CHAMPLAIN BASIN AND
VICINITY 4 (1980), http://www.anr.state.vt.us/dec/geo/GMGVTSoc/VTGS 1980 1.pdf
[https://perma.cc/BFW2-DMZ3].

51. Id.

52. Id.

53. Id.
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the extreme south of the Main Lake is the long, shallow, almost riverine
South Lake.*

The Main Lake covers over 680 square kilometers and contains over
eighty percent of the lake’s water volume.> This section stretches from the
Crown Point Bridge to the lake’s outlet in Rouses Point. At its deepest
point, the Main Lake is 122 meters in depth and it averages over 30 meters
in depth.”® The population centers are on the shores of the Main Lake and it
contains a multitude of bays and shallow areas around the periphery.’’

The Northeast Arm covers over 265 square kilometers and reaches 49
meters at its deepest point.”® Much of the Northeast Arm is clear and cold,
though shallow bays like St. Albans are more weed filled. There are no
major tributaries that drain to this lake segment, a factor which likely helps
protect its water quality. The Northeast Arm is segmented by road and
railroad causeways built in the 19th century.” These factors reduced
sediment inputs into this basin for several decades.®’

Missisquoi Bay fills a shallow basin at the northeastern-most portion of
the lake—only 2.8 meters deep at its maximum, but covering over 7
kilometers in breadth.®' Three significant tributaries discharge to Missisquoi
Bay: the Pike River, the Rock River, and the Missisquoi River.®* The Pike
and most of the Rock watersheds sit within Quebec. High nutrient levels
and extensive sedimentation from these rivers make Missisquoi Bay one of
the murkier lake segments.” Missisquoi Bay, with less than 1% of the
lake’s water receives 24.2% of the total phosphorus load for Lake
Champlain; only the Main Lake receives more.**

54. Id.

55. 1d.

56. 1d.

57. Id. at3.

58. 1d.

59. Suzanne N. Levine et al., The Eutrophication of Lake Champlain’s Northeastern Arm:
Insights from Paleolimnological Analyses, 38 J. GREAT LAKES RES. 35,3647 (2012).

60. 1d.

61. Bathymetry (Lake Depths), LAKE CHAMPLAIN BASIN ATLAS,
http://atlas.lcbp.org/PDFmaps/nat_depth.pdf [https://perma.cc/3QYF-F7SQ] (last visited Apr. 25, 2016).

62. VT. AGENCY OF NAT. RES., MISSISQUOI BAY BASIN WATER QUALITY MANAGEMENT

PLAN 19 (2013), http://dec.vermont.gov/sites/dec/files/wsm/mapp/docs/mp_Basin06Plan.pdf
[https://perma.cc/PY25-KYKV].

63. INT’L JOINT COMM’N, A PRELIMINARY ENVIRONMENTAL IMPACT ASSESSMENT FOR
THE PROPOSED CHAMPLAIN-RICHELIEU FLOOD CONTROL PROJECT 18 (1973).

64. U.S. ENVTL. PROT. AGENCY, PHOSPHORUS TMDLS FOR VERMONT SEGMENTS OF
LAKE CHAMPLAIN 14 (2015), https://www.epa.gov/sites/production/files/2015-
09/documents/phosphorus-tmdls-vermont-segments-lake-champlain.pdf https://perma.cc/M39S-
MS5XA].
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Analysis of sediment cores from Missisquoi Bay indicate dramatic
changes in inputs to the bay since 1900.° Deforestation and agricultural
practices throughout the landscape have driven an increase in sedimentation
rate and carbon inputs.®® Sedimentation rates have increased to 0.7 cm/year
as compared to approximately 0.02 cm/year before 1700.°” As a result,
Missisquoi Bay has become more eutrophic.

The accumulation of phosphorus and sediment over many years means
that Missisquoi Bay has a massive reserve of nutrients.® Phosphorus
mobilizes from the sediment under conditions of low pH and low oxygen.”
When cyanobacteria bloom, the decomposition of cells reduces oxygen
levels at the soil water interface, releasing more phosphorus and creating a
positive feedback loop.” As a result, forty-three percent of the summer
phosphorus in the water column of the Missisquoi Bay comes from the
sediments.”' The high concentration of sediment phosphorus means water
column phosphorus concentrations in the bay are extremely resistant to
changes in watershed phosphorus loading. A fifty percent reduction in
watershed loads would cause only a minimal change in in-lake phosphorus
concentrations over a thirty-year period.””

Mallets Bay is isolated from other parts of the lake by an abandoned
railroad causeway to the west and a road causeway to the north.”” Mallets
Head and Red Rock Point pinch the bay into two distinct segments: an
inner bay and an outer bay.”* The Lamoille River, the bay’s largest
tributary, enters the outer bay.” The Winooski River delta forms much of
the southern boundary, though the Winooski itself drains in to the Main

65. Andrew T. Koff, A Multi-Proxy Paleolimnological Study of Holocene Sediments in
Missisquoi Bay, USA-Canada 99 (Sept. 8, 2011) (unpublished thesis, University of Vermont)
https://www.uvm.edu/geology/documents/Koffthesis.pdf [https://perma.cc/7LYP-2F4Y].

66. Id.
67. 1d.
68. U.S. ENVTL. PROT. AGENCY, supra note 64, at 39.

69. Christophoros Christophoridis & Konstantinos Fytianos, Conditions Affecting the
Release of Phosphorus from Surface Lake Sediments, 35 J. ENVTL. QUALITY 1,181, 1,185 (2006).

70. Lydia Smith et al., Relating Sediment Phosphorus Mobility to Seasonal and Diel Redox
Fluctuations at the Sediment-Water Interface in a Eutrophic Freshwater, 56 LIMNOLOGY &
OCEANOGRAPHY 2,251, 2,264 (2011).

1. LIMNOTECH, DEVELOPMENT OF A PHOSPHORUS MASS BALANCE MODEL FOR
MISSISQUOI BAY (2012), http://www.lcbp.org/wp-
content/uploads/2013/03/65 PhosphorusMassBalanceModel MissisquoiBay 2012.pdf
[https://perma.cc/8WIY-FZY6].

72. Id. at 42-43.

73. LAKE CHAMPLAIN BASIN PROGRAM, MALLETTS BAY RECREATION RESOURCE
MANAGEMENT PLAN 17 (1995).

74. Id. at ii.

75. Lamoille Basin, LAKE CHAMPLAIN BASIN ATLAS,

http://atlas.lcbp.org/PDFmaps/nat_lamoille.pdf [https:/perma.cc/4ARGB-YMUQ)] (last visited Apr. 24,
2016).
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Lake. Mallets Bay is smaller in surface area than Missisquoi Bay, but
contains greater than three times more water because of its depth.”® Half the
outer bay is over fifteen meters deep, but at the same time nearly forty
percent of the bay is less than six meters deep.”” In other words, the bay
contains steep drop-offs to deep water. Nutrient levels, and thus
cyanobacteria blooms, in Malletts Bay are comparable to the Main Lake
and lower than other lake segments.”® Because it is well sheltered from the
weather, Mallets Bay hosts numerous marinas, making it a popular spot for
boaters.”” As a result, recreational conflicts between different types of lake
users can be as much of an issue as environmental problems.®

The thin, narrow, nearly 50 kilometer stretch between Whitehall, New
York and Crown Point, New York constitutes the South Lake.*' In physical
appearance, this area is more like a river than a lake, though there is limited
elevation difference between the southern and northern end and thus there
are minimal fluvial processes.*” The South Lake receives most of its water
from two tributaries: the Poultney and Mettowee Rivers.*’ In all, over 15%
of the lake’s watershed empties into this segment, which contains only
0.6% of the lake’s water.*

IV. GLACIAL HISTORY

Lake Champlain is a product of the last ice age. Approximately 18,000
years ago, a sheet of ice over a mile-and-a-half thick sat on what is today
the Champlain Valley and stretched as far south as Long Island.*” Under the
great weight of the ice, the land subsided into the underlying upper mantle
of the earth, decreasing the entire region’s elevation.*® Additionally, the
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77. Welcome to the Watershed Management, AGENCY OF NAT. RESOURCES,
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movement of the glaciers along lines of weakness in the bedrock caused
tremendous erosion, carving out deep trenches.’” The erosive force of the
ice and associated rubble, along with the freshwater flowing into the low-
point in the landscape created by land depression, created Lake
Champlain.*®

As the glacier retreated beginning about 13,500 years ago, meltwater
pooled to the south.* Meanwhile, the northern outlet, via the St. Lawrence
River, was blocked by the still extant ice sheet.” The pooled water formed
a precursor to Lake Champlain—Lake Vermont—which discharged to the
south via the Hudson River.”' Shorelines of Lake Vermont have been
identified over 180 meters higher than today’s lake, meaning much of Lake
Champlain’s current basin was once underwater, and the shores of the lake
would have sat as far to the east as the base of the Green Mountains.”

The Champlain Sea, a saltwater body, followed Lake Vermont about
11,500 to 12,000 years ago.”” The Champlain Sea formed when the ice
blocking what is now the St. Lawrence River melted.” The northern portion
of the watershed was still lower in elevation because the sheer weight of the
glaciers had depressed the land 150 to 190 meters into the earth’s mantle.”
Meanwhile, sea levels were also rising as the water locked in the glaciers
was released.” Instead of freshwater Lake Vermont draining away, salt
water rushed in. The Champlain Sea was approximately 100 meters lower
in elevation than Lake Vermont, but still substantially higher than present
day Lake Champlain.”” The Champlain Sea persisted for about 1,500 and
2,000 years until the land rebounded from the weight of the glaciers and the
bedrock sill in St. Jean rose above sea level.”

The rebounding of land from the weight of the glaciers was not
uniform. Southern portions of the basin rebounded earlier than northern
portions because the ice melted there sooner.”” Over the last 10,000 years,
the elevation of the lake has increased by about eight meters.'” As the land
rose, the lake got deeper; the bedrock sill increased in height above sea
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level and thus held back more water. For example, about 10,000 years ago,
before most of the rebound had occurred and when the bedrock sill was still
nearly at sea level, Missisquoi Bay was dry or at least much more shallow
than it is even today.'"'

The soils of the fertile Champlain Valley were deposited during the
time of Lake Vermont and the Champlain Sea.'® In the uplands, the
glaciers scraped away topsoil and left behind a rocky mix of till.'"” In the
lowlands, clays carried down from the mountains settled out over a period
of centuries in the still waters of Lake Vermont and the Champlain Sea to
be revealed when water levels fell.'” The fertile soil combined with a
relatively flat topography has led to the concentration of agriculture in the
valley.

V. CHANGES IN FORESTRY AND AGRICULTURAL PRACTICES

The population of the Champlain Valley increased dramatically in the
years following the Revolutionary War.'”” Immigrants settled in the valleys
to take advantage of rivers and lakes for transportation.'® During this
period of increasing development much of the Champlain Basin’s forest
land was cleared for timber, agriculture, and settlements.'”” Hillside farms
lost their fertility in just a generation or two as cleared land eroded.'*®

In the valleys, various grasses grew well, leading many settlers to clear
trees and raise livestock.'” In the early 1800s, the predominant agricultural
venture was raising sheep.''® Merino sheep imported from Spain grew
heavier fleeces in the cold northern climates than in their native land. In
1824, Congress put a tariff on imported woolen cloth, expanding the market
for domestic production.'"' By 1840, there were six sheep for every person
in Vermont.''? The market for Vermont wool cratered after the 1840s.'"
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Wool tariffs were relaxed in 1841 and 1846 and railroads began to bring
WOOIHEO the East from the West where it could be produced at a lower
cost.

Clearing trees for lumber and potash also transformed the landscape.
Potash, a potassium based compound used in agriculture and industry, is
produced by “burning huge quantities of wood, leaching the ashes, and
boiling away the liquid to leave a gritty residue.”'" In 1791 alone, over two
million pounds were shipped to Great Britain from Vermont.''® In 1823, the
Champlain Canal was constructed and offered an easy route for shipping
lumber to markets.'"” Burlington was the third largest lumber port in the
nation in the mid-1800s."" By 1840, the Champlain Valley was devoid of
marketable trees.'”” By the late nineteenth century, Vermont was seventy-
percent cleared and thirty-percent forested, the reverse of what it is today.'*’

The severity of erosion of topsoil and flooding brought on by forest
clearing earned widespread attention. In 1864, Vermonter George Perkins
Marsh wrote his seminal book Man and Nature, documenting changes in
climate, soil erosion, flooding, and drought that resulted when forests were
cleared.'”' In 1885, the New York state legislature established a Forest
Preserve with the intent of keeping the lands forever wild.'** This preserve
became the Adirondack Park in 1892 and two years later the park received
“forever wild” protection in the New York state constitution.' In 1925, the
Vermont legislature approved funding purchase to land to help establish the
Green Mountain National Forest.'>* These actions helped restore forest
cover in large parts of the basin.

When sheep were no longer profitable, farmers turned to dairy cows.
Between 1845 and 1860, dairy cows appear to have increased
proportionally to the decline in sheep.'” Refrigerated rail cars allowed the
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transport of milk and milk products to burgeoning urban markets in New
York and Boston.'”® Cows were much more difficult to raise than sheep,
requiring winter forage and twice-daily milking.'>” However, high milk
prices coupled with falling wool prices drove the transition.'*®

As dairy farming became more mechanized following World War II,
the number of farms decreased even though milk production increased, a
trend that continues today.'” Marginally profitable hill farms were the most
likely to go out of business."*” The remaining farms have come to rely more
and more on inputs of nutrients from outside the basin in the form of feed
and fertilizer to sustain their herds.”' Larger herds can also make animal
waste management a greater challenge."”* Specifically, “[e]nvironmentally
sound recycling of manure from ever-larger herds requires greater energy
and planning for transport and spreading.”'*

Agriculture changes the hydrology and pollutant loads in a
watershed.”* Herds of animals, such as sheep or dairy cows, generate waste
that must be managed. Cultivation of land usually involves tilling. This
changes flow paths for water and transpiration rates compared to a forested
landscape.'” Tile drainage of land transfers water movement and nutrient
loads from surface to sub-surface."*® Farmers add nutrients in the form of
fertilizers and manure, which can promote unsightly algal blooms if the
nutrients reach waterways."”’ Annual cropland has a greater impact than
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land in perennial vegetation, such as pasture, particularly if soil is left bare
between plantings.'**

In modern times, the basin has become more developed. Developed
lands, including buildings, roads, and parking areas, contribute three to four
times more phosphorus per acre than agricultural lands."® Once between
ten and twenty percent of a landscape is impervious, meaning it sheds
rather than absorbs water, surfaces become connected and water can
channel directly to streams, lakes, and rivers sooner and with greater
energy.'* Thus, pollutants are transferred a greater distance and the water
has greater erosive force once it reaches a receiving water.

VI. MANAGEMENT CHALLENGES

Perhaps the first report on ecological conditions in Lake Champlain
was produced by the United States Geological Survey in 1905.'*" The
principal concerns expressed in this report centered on disposal of sewage
and sludge from paper making.'** The author did comment on algal build
up in the lake, noting that the “super abundance of algae of the offensive
species” had been cited as evidence that “the lake is being damaged by
municipal and industrial wastes,” but the author did not find algae in excess
of what “the natural conditions would warrant.”'*

Today, cyanobacterial blooms plague Lake Champlain’s northeastern
bays.'** Cyanobacteria are naturally occurring photosynthetic organisms.'*
In the presence of warmer water and high nutrient levels, particularly
nitrogen and phosphorus, cyanobacteria outcompete other algae and
vascular plants.'*® Certain species form aesthetically unpleasing scums on
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the surface of the water, referred to as blooms."*’ Some species under some
conditions can produce toxins, which have led to dog deaths and human
illnesses. '** The mechanisms behind toxin formation are not clearly
understood and it is not possible to tell if a given bloom is toxic without
analytical testing.'®

Blooms occur intermittently in various places throughout Lake
Champlain, but routinely strike Missisquoi Bay and St. Albans Bay in the
Northeast Arm in late summer."”” Both of these bays are somewhat shallow
and have high nutrient levels—conditions that promote cyanobacterial
blooms."' Blooms can become trapped in the bays by prevailing summer
winds from the south."”* Sediment cores from these bays show increasing
growth of algae species typical of nutrient rich waters beginning in the early
20th century for St. Albans Bay and in the 1960s and 1970s for Missisquoi
Bay.'” For St. Albans Bay, the timing coincides with sewer installations
and expansions in the watershed."” For Missisquoi Bay, with little direct
discharge, the driver was more likely increasing intensification of
agriculture.'>

Attempts to control cyanobacterial blooms have focused on reducing
inputs of phosphorus.'*® Agricultural operations have imported phosphorus
in the form of fertilizer and animal feeds."” Such imports were necessary
because the soil lost much of its fertility due to erosion caused by excessive
grazing and the clearing of forests. ™® For many decades, imports
(phosphorus) have exceeded exports (milk and other agricultural products)
and the excess phosphorus accumulates in the soil. In Franklin County,
Vermont, there has been an increase in the net import of phosphorus from
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14 tons/year in 1924 to 821 tons/year in 2007."° The total net import of
phosphorus to Franklin County from 1924 to 2007 was 48,000 tons.'*
When the soil erodes, the phosphorus does too.

Additional inputs of phosphorus occurred when the element was added
to laundry and dishwasher detergents.'®' Phosphates improve the cleaning
effectiveness of detergents without increasing toxicity. ' By 1959,
essentially all laundry detergents in the U.S. contained seven to twelve
percent phosphorus by gross dry weight.'® Phosphorus was banned from
laundry detergents in 1976 in New York and 1978 in Vermont.'™ It was
banned from dishwasher detergents in 2010 in both states.'®’

In-lake water quality standards for phosphorus were established for
thirteen different lake segments in the mid-1990s.'* Since that time,
extensive state and federal resources have been invested in reducing
phosphorus exports from agricultural lands and reducing stormwater runoff
from developed lands.'®” However, there have not been reductions in in-
lake phosphorus levels.'®®

The impact of dramatic land use changes on water quality, such as
those that have occurred in the Champlain Basin since European settlement,
are difficult to reverse. The best predictor of present day biodiversity in
streams is past, not present, land-use.'® Application of best management
practices to farms is not sufficient to reverse changes as any benefits can be
overwhelmed by seasonality of a given lake’s hydrology, time-lag effects,

159.  Russell F. Ford, Agricultural Phosphorus in Vermont’s Missisquoi Bay Watershed:
History, Status, and Solutions (2012) (unpublished M.S. thesis, University of Vermont),
https://library.uvm.edu/dissertations/?search_type=item&bid=2471519 [https://perma.cc/HSEV-
DMLB].

160. Id.

161.  See LAKE CHAMPLAIN BASIN PROGRAM, supra note 23, at 9 (“Regulations banning
phosphorus in detergents have greatly reduced the amount of phosphorus entering treatment facilities.”).

162.  See Michael McCoy, Goodbye, Phosphates, C&EN (Jan. 24, 2011),
https://pubs.acs.org/cen/coverstory/89/8904cover.html  [https://perma.cc/VZ67-38Y6] (noting the
cleaning properties of phosphates and their widespread use in detergent manufacturing).

163.  Chris Knud-Hansen, Historical Perspective of the Phosphate Detergent Conflict (Univ.
of Colo., Working Paper 94-54), http://www.colorado.edu/conflict/full_text search/AIICRCDocs/94-
54.htm [https://perma.cc/DZ5V-JMSU].

164.  DAvVID W. LITKE, REVIEW OF PHOSPHORUS CONTROL MEASURES IN THE UNITED
STATES AND THEIR EFFECTS ON WATER QUALITY 6 (1999).

165. LAKE CHAMPLAIN BASIN PROGRAM, supra note 23, at 9.

166. VT. DEP’T ENVTL. CONSERVATION, VERMONT WATER QUALITY STANDARDS 43-44,
65-66 (2014).

167. LAKE CHAMPLAIN BASIN PROGRAM, supra note 23, at 14.

168.  Id. at6-7.

169.  J. S. Harding et al., Stream Biodiversity: The Ghost of Land Use Past, 95 PROC. NAT.
ACAD. SCI. 14,843, 14,844 (1998).



2016] Natural and Human History of Lake Champlain 497

and a long history of agricultural use of the landscape.'” Slow release of
phosphorus from over fertilized soils can maintain eutrophication of lakes
for centuries.'”’

Eutrophication is not the only challenge to Lake Champlain’s ecology;
invasive exotic species have also had a profound impact. The lake currently
hosts fifty non-native species.'”” They have arrived in the lake via bait
releases, aquarium releases, and transfer on boats.'” However, the single
most significant vector for invasive species are the canals that have
connected Lake Champlain to the Great Lakes and St. Lawrence Rivers
since 1823."7* Species that have arrived via the Champlain Canal include
zebra mussels (Dreissena polymorpha in 1993) and plants such as Eurasian
watermilfoil (Myriophyllum spicatum in 1962) and water chestnut (Trapa
natans in 1940) that clog boating channels and impair recreation.'”” The
arrival of filter-feeding zebra mussels has led to an increase in water
clarity,'”® which likely promotes expansion of plant growth by allowing
photosynthesis at greater depths. Each of these species first arrived in the
southern part of Lake Champlain where the Champlain Canal empties into
the lake."”’

The means of introduction for some more recently arrived species is
unknown. These include the spiny waterflea (Bythotrephes longimanus in
2014)—the first invasive zooplankton to reach the lake—and the alewive
(Alosa pseudoharengus in 2003), which competes with rainbow smelt as the
dominant forage fish in the lake.'”

Climate change is expected to play a role in promoting future species
invasions. A warmer lake will support species from southern climates that
could not compete at this time.'” Flooding events can help species spread
from one water body to another and a warming climate is anticipated to
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have more intense storms. ' Climate change can disrupt ecological
connections between predators and prey in aquatic systems and this can
present an opportunity for invasive species.'

Climate change already impacts the physical character of Lake
Champlain. Though the lake routinely froze during the winters, now full
lake freezes are sporadic at best.' When it does freeze, the freeze-over
date is roughly two weeks later than it was in the early 1800s.'® During the
summer, the average August surface water temperature has increased by as
much as 6.8 °F since 1964.'™ Increased water temperatures can shift the
timing of breeding for aquatic organisms.'* A warmer climate is expected
to generate more intense storms throughout the basin which would lead to
increases in nutrient loading, combined sewer overflows, and streambank
erosion. '** More nutrients and a warmer climate increase the
competitiveness of potentially toxic cyanobacteria.'®’

Cyanobacteria are not the only source of toxins for Lake Champlain.
Like other waterbodies around the country, Lake Champlain faces
challenges from the addition of potentially toxic substances from industry
and consumers. Both Vermont and New York have consumption advisories
for some fish species as a result of high PCB and mercury levels.'*® PCB
production has been banned in the United States since 1979, but the
chemicals persist."” Mercury sources include wastewater discharges and
atmospheric deposition from regional, national, and international sources.'”
Both mercury and PCBs bioaccumulate so larger older fish have higher
concentrations.'”’ Mercury concentrations tend to be lower in fish from

180.  Id. at 522, 529.

181. Monika Winder & Daniel E. Schindler, Climate Change Uncouples Trophic
Interactions in an Aquatic Ecosystem, 85 ECOLOGY 2,100, 2,105 (2004).

182.  J. CURT STAGER & MARY THILL, CLIMATE CHANGE IN THE CHAMPLAIN BASIN 17
(2010), http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/vermont/what-we-
do/champlain-climate-report-5-2010-2.pdf.

183. Id at2.

184. LAKE CHAMPLAIN BASIN PROGRAM, supra note 23, at 31.

185. Ned W. Pankhurst & Philip L. Munday, Effects of Climate Change on Fish
Reproduction and Early Life History Stages, 62 MARINE & FRESHWATER RES. 1,015, 1,020 (2011).

186. STAGER & THILL, supra note 182, at 15.

187. Id. at19.

188. LAKE CHAMPLAIN BASIN PROGRAM, supra note 23, at 14.

189.  Press Release, Envtl. Prot. Agency, Envtl. Prot. Agency Bans PCB Manufacture;
Phases Out Uses (Apr. 19, 1979), https://www.epa.gov/aboutepa/epa-bans-pcb-manufacture-phases-out-
uses [https://perma.cc/7E94-Z2B7].

190.  CoNN. DEP’T ENVTL. PROT. ET AL., NORTHEAST REGIONAL MERCURY TOTAL
MAXIMUM DAILY LOAD vi—vii (2007).

191. Toxics Release Inventory (TRI) Program: Persistent Bioaccumulative Toxic (PBT)
Chemicals Covered by the TRI Program, ENVTL. PROT. AGENCY (2015), https://www.epa.gov/toxics-
release-inventory-tri-program/persistent-bioaccumulative-toxic-pbt-chemicals-covered-tri
[https://perma.cc/TSFS-68QR].



2016] Natural and Human History of Lake Champlain 499

eutrophic waters where the high concentration of phytoplankton dilutes the
amount of mercury ingested by any one fish.'”* As a result, fish from the
Main Lake would be expected to have higher concentrations than those
from Missisquoi Bay.

There are many human-made substances with unknown toxicity have
been detected in the lake. These include pharmaceuticals, fragrances,
pesticides, and a wide variety of other byproducts of modern life.'” Little is
known about the individual effects of all these potential contaminants and
even less is known about potential synergistic effects. Many of these
substances can mimic natural hormones, causing unexpected changes in
aquatic biota. For example, in one survey of smallmouth bass from the
Missisquoi River, sixty to seventy percent of the males had eggs in their
testes, which may be related to exposure to endocrine disrupting
chemicals."” This rate was lower than other waterbodies near National
Wildlife Refuges in the Northeast, but higher than reported from other

1
surveys.'”

CONCLUSION

Lake Champlain has undergone tremendous changes since the glaciers
left the landscape. It has transitioned from a much larger freshwater lake to
a saltwater sea and back to a smaller freshwater lake. The forests were
cleared for timber and agriculture following the arrival of Europeans.
Agriculture transitioned from homesteads to sheep grown for outside
markets to dairy cows. Clearing land led to erosion and eutrophication of
the waterbody. Eutrophication, coupled with climate change, has promoted
growth of cyanobacteria in shallower portions of the lake, specifically
Missisquoi and St. Albans Bays. Attempts to reverse eutrophication have
thus far not been successful and there is little evidence, particularly in
Missisquoi Bay, that reversal is possible. Other management challenges for
the lake also loom. Intense focus on reversing decades of excess nutrient
loading risks blinding us to management options that more effectively

192.  Piet Vieburg et al., Mercury Biomagnification in Three Geothermally-Influenced Lakes
Differing in Chemistry and Algal Biomass, SCI. TOTAL ENV’T. 342, 351 (2014).

193.  P. Phillips & A. Chalmers, Wastewater Effluent, Combined Sewer Overflows, and
Other Sources of Organic Compounds to Lake Champlain, 45 J. AM. WATER RESOURCES ASS’N 45, 51
(2009).

194.  Sex Switching Bass Found in Lake Champlain’s Waters, LAKE CHAMPLAIN COMM.
(Dec. 30, 2015), https://www.lakechamplaincommittee.org/learn/news/item/sex-switching-bass-found-
in-lake-champlain-waters/ [https://perma.cc/WCK2-D434].

195.  L.R. Iwanowicz et al., Evidence of Estrogenic Endocrine Disruption in Smallmouth
and Largemouth Bass Inhabiting Northeast U.S. National Wildlife Refuge Waters: A Reconnaissance
Study, 124 ECOTOXICOLOGY & ENVTL. SAFETY 50, 55 (2016).
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prevent future problems. Priority conservation efforts to address future
issues should include protecting the forested landscape, restoring and
protecting river corridors, shutting off vectors for invasive species like the
Champlain Canal, and minimizing impacts of new developments.
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INTRODUCTION

Phosphorus is an important element that is necessary to sustain life. It is
a critical component of deoxyribonucleic acid and ribonucleic acid—better
known as DNA and RNA—biomolecules that control the form and nature
of all living organisms.' It is the essential atom in adenosine tri- and di-
phosphate (ATP and ADP), the molecules that store and transport energy in
all living organisms, making it possible to breath, move, think, reproduce,
and survive.” Phosphorus is also a major element in phospholipids, one of
the critical components of the cell walls in plants and animals and in
hormones that regulate physiological functions.’ One form of phosphorus
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when added to the flexible protein called collagen, makes it possible to
create hard, stiff bones for skeletons, which were essential for the evolution
of large organisms, like humans.” In a very real sense, life as we know it
would not be possible without phosphorus.

But like many materials that we think of as essential for one reason or
another, too much of a good thing can be bad. Phosphorus is regularly, but
not always, implicated as a pollutant that is responsible for ugly, smelly,
and potentially dangerous algal blooms.’ Indeed, the entire Lake Champlain
TMDL focuses on phosphorus and nothing else.® Why this one element?
What are the special characteristics of phosphorus that explain why it
behaves the way it does in the environment? And why is it that an element
so essential to life could be so undesirable in some settings? Answers to
these questions are crucial to understanding the central role of phosphorus
in waterbodies like Lake Champlain and help inform what we can expect to
happen as we begin to control the amount of phosphorus that is delivered to
the lake each year.

I. A PRIMER ON PHOSPHORUS IN THE ENVIRONMENT

To begin with, phosphorus is an element; number fifteen in the periodic
chart of elements.” Pure forms of phosphorus can be manufactured and are
identified by their colors (white, red, violet, and black).® But these forms of
phosphorus are either very unstable (even explosive) or non-existent in
nature. Thus, we never find phosphorus as a free element in nature; it is
always combined with other elements, notably oxygen, to form phosphate
molecules.’ Each phosphate molecule is composed of a single P atom
surrounded by four oxygen atoms arranged in a tetrahedral pattern with
phosphorus in the middle."” Arranged in this way the phosphate molecule
carries an excess negative charge of -3."' To a chemist this means that the
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phosphate is a trivalent anion (PO,")."” The practical implications of this
characteristic is that the negatively charged phosphate molecule is naturally
attracted to positively charged atoms and molecules (cations) and has the
capacity to make three connections to these cations. For example, one of the
most common and commercially important forms of phosphate is
phosphoric acid (H;PO,)."

The ultimate source of phosphorus in the environment is from
phosphate bound with a variety of other atoms in common minerals and
rocks. Over time, the slow action of water and wind erodes even solid rocks
in a process that geologists refer to as “weathering.” Over geologic time
periods, weathering erodes rocks and releases the phosphate that they
contain.'* Once released in this way, the phosphate is available for use by
biota in ecological systems."

The slow release of phosphate from rock naturally limits the rate at
which phosphorus is released to the environment.'® There are episodes in
the pre-human past in which phosphorus delivery to the oceans was greater
than normal.'” However, it also appears to be the case that humans have
acce}gerated the delivery of phosphorus to the ocean, perhaps by a factor of
two.

Long ago, humankind realized that by adding a little phosphorus (along
with a few other key elements), one could grow a lot more biomass (i.e.,
food and fiber). " We now know why that is the case. Given that
phosphorus is essential to so many critical parts of living organisms and is
needed in only small amounts to serve these needs, it is clear that, given no
other constraints, the addition of phosphorus in the form of phosphate will
stimulate plant growth. This explains why phosphorus is such an important
fertilizer. And so, the rush was on to find new and concentrated sources of
phosphate that could be used to support a burgeoning, global, agricultural
industry.” The first easy source of phosphate was from deposits of guano
created by bird colonies, largely on small islands off the coast of Peru.
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Evidence suggests that the Andean peoples of Peru had collected guano as
an agricultural soil amendment for perhaps thousands of years and guano
remained an important source of phosphorus well into the 20th century.”'
Currently, the primary source of phosphate is the mineral form apatite,
which is mined from operations in Florida and North Carolina, with smaller
amounts mined in Idaho and Utah.”” Large amounts of phosphate rock are
also mined in China, Russia, and Morocco with smaller amounts in other
countries.” The annual report on the phosphate mining industry produced
by USGS notes tersely that there are “no substitutes for phosphorus in
agriculture.”** To meet our agricultural demand for phosphorus in the U.S.
in 2014, we imported about 2.6 million metric tons of phosphate rock,
largely from Morocco and Peru, representing about 15% of our total usage
(28.1 million metric tons). This phosphate rock is wet-processed to create
the basic feedstocks needed to support U.S. agriculture and industry.”

II. THE CHEMICAL BALANCE OF LIFE: THE LIMITS OF PHOSPHORUS
BENEFITS

Of course, phosphorus is not the only element needed to create a
healthy crop or to sustain a healthy animal. Most of the other elements in
the periodic chart help to support healthy organisms in one way or
another. *° Notably, two other elements acting with phosphorus play
particularly important roles. The other two elements are carbon and
nitrogen.”’ Interestingly, these three elements are all close neighbors on the
periodic chart of elements. But they serve very different purposes and have
very different characteristics. Nitrogen is a central element in all amino
acids, which are the essential building blocks of all proteins.*® Proteins form
a substantial portion of the total mass of plants and animals and serve
critical functions as enzymes in living systems. Therefore, large amounts of
nitrogen are also required for a healthy organism. Carbon is the essential
backbone element of all living matter.” It is essentially the chemical
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framework to which all of the other elements, including phosphorus and
nitrogen, are attached. Thus, living organisms need a lot of carbon.

A logical deduction from this discussion is that there is some form of
priority or “recipe” for these three fundamentally important elements.
Specifically, living organisms need a lot of carbon to create the necessary
organic framework, a moderate amount of nitrogen to fill in the protein
matrix around the carbon framework, and a pinch of phosphorus to run the
genetic engine of DNA and RNA fueled by energy from ATP and ADP.*
The realization that carbon, nitrogen, and phosphorus are ordered in this
way has profoundly important implications.

The first inkling that this ordering might be important arose from the
work of Carl Sprengel, an agricultural chemist working in Europe in the
early 1800s.”' Even at this early time it was realized that nutrients played a
key role in crop production. Sprengel was the first to note that it was not
just the total amount of nutrient that was important. Rather, the factor that
would most limit plant production was the nutrient that was least available
to the plant: the so-called “minimum” or “limiting” nutrient.** This idea did
not gain much attention until it was adopted by Justus von Liebig, an
agricultural chemist working at about the same time who is now recognized
as the father of organic chemistry.” Sprengel’s hypothesis eventually
became known as Liebig’s Law of the Minimum and was widely illustrated
by a figure in Whitson and Walster’s 1912 book entitled Soils and Soil
Fertility.>* The figure shows a barrel composed of staves of different
lengths. If one tried to fill the barrel with water, it could only be filled to the
level of shortest stave. The only way to keep more water in the barrel would
be to lengthen the stave. This illustrated Sprengel and Liebig’s point that a
crop (the barrel) is composed of many elements (staves) and the element
that is most limiting (the shortest stave) will limit the crop production (the
water in the barrel).”” Liebig’s Law subsequently became one of the most
important tenants in the newly evolving field of ecology.

The next major evolution in thinking about the interplay of elements in
crop production and ecological systems came from the work of an
oceanographer, Alfred C. Redfield, working at the Woods Hole
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Oceanographic Institute (“WHOI”).*® Redfield was trying to understand the
controls on algal production in the Sargasso Sea—an area in the middle of
the Atlantic Ocean—in which nutrient concentrations are particularly low.”’
Redfield would have been well aware of Liebig’s Law. But at the time, the
implications of Liebig’s Law were simply that if you lacked a particular
element, adding it would help stimulate production. What Redfield
observed was that everywhere he looked, he found that the algae were
composed of more or less the same ratio of carbon atoms to nitrogen atoms
to phosphorus atoms.*® The ratio was about 106:16:1 and it was remarkably
invariant.” Redfield’s work showed that this ratio of elements was an
inherent, structural characteristic of the algae and furthermore, this inherent
ratio provided an important refinement and quantitative context for Liebig’s
Law of the minimum.

The fundamental importance of Redfield’s observations can be
illustrated with a simple analogy. Imagine you run a bakery that makes
cakes. You need several ingredients for each cake, but the key ingredients
are flour, sugar, and eggs. You do not need these ingredients in equal
proportions, but if you do not have the correct proportions the cake recipe
will fail. Let us say you need two cups of flour, one cup of sugar, and a
single egg for each cake. Thus, there is a relatively fixed ratio of the
materials you need to bake a cake. Now imagine that you have an
abundance of flour and sugar, but you have run short on eggs. In this case,
the number of cakes you can bake is limited, specifically by the availability
of the limiting resource: eggs. In our cake example, the flour is carbon, the
sugar is nitrogen, and the egg is phosphorus. You do not need that many
eggs to make a cake, but if you do not have enough, it will not matter if you
have an abundance of sugar or flour; you cannot use them. But, if you have
lots of eggs and a limitless supply of sugar and flour, you could bake as
many cakes as you wish. The same is true for algae (biomass) in lakes. If
you provide plenty of carbon, nitrogen, and phosphorus—in the correct
ratios—you can grow a lot of biomass.

Redfield’s Ratio spawned a generation of research that was
fundamentally important to the water quality management principles we
now use on a daily basis. One of the most important uses of Redfield’s
Ratio and Liebig’s Law was a recommendation that arose from research on
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the best way to manage algal production in lakes. Over many years,
researchers had begun to notice a strong correlation between algal growth
and phosphorus concentrations in lakes.*” High phosphorus concentrations
were correlated with more algal biomass.*' Redfield’s Ratio provided an
explanation. As one of the three “essential” elements and the one that was
needed in the lowest amount, controlling phosphorus was viewed as the
most effective way to control algal growth.** This is still the primary
objective of lake and reservoir management around the world. It is worth
noting, however, that most of the research upon which this management
recommendation was based was done on lakes in Europe, the United States,
and Canada. These are all areas that have a common geologic history and
climate. In other areas—for example, areas where the soils have very high
phosphorus concentrations derived from volcanic parent materials—it
might be more effective to control nitrogen than phosphorus. Hawaii and
New Zealand are good examples where this is the case.” But under these
circumstances, the principles behind Redfield’s Ratio still hold with
nitrogen rather than phosphorus as the focal element.

The next major advance in our understanding of nutrient interactions in
environmental systems built on Redfield’s ratio and the well-known
concept in general chemistry called “stoichiometry,” which is used to
describe the strict ratio of atoms in a molecule.** For example, we all know
that the water molecule is H,O: two hydrogen atoms paired with one
oxygen atom. That is the stoichiometry of water. If the ratio was something
different—say, H,O,—the molecule could not be water—the stoichiometry
would be wrong. In fact, this would be hydrogen peroxide, which you
would want to be careful not to drink! Sterner and Elser reasoned that
Liebig’s Law and Redfield’s Ratio suggested that there was a sort of weak
stoichiometry in living organisms: an ecological stoichiometry.* They
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noted that this ecological stoichiometry is not as strict as chemical
stoichiometry, but it exists nonetheless.*® Furthermore, they were able to
demonstrate that the essential framework of ecological stoichiometry could
be derived from first principles of biology and chemistry and had
unexpected consequences for biological systems at scales ranging from
cells to individuals to communities and ecosystems.*” They even suggested
that there are implications for ecological stoichiometry at regional and
global scales.” Our modern approach to large ecosystem management,
including the Great Lakes and our oceans, recognizes that the principles of
ecological stoichiometry are at work.*’

I11. LIEBIG, REDFIELD, AND LAKE CHAMPLAIN

With the foregoing principles in mind, we can now understand why
phosphorus management is often effective in controlling algal production in
lakes like Lake Champlain. Perhaps more importantly, phosphorus
management is also thought to be an essential defense against the
development of harmful algal blooms or “HABs.”"

To understand why this is the case, it helps to return to the example of
baking cakes. Let us say that your limiting resource is eggs (phosphorus).
You have plenty of sugar (nitrogen) and flour (carbon). So your cake
production (algal production) is limited by the supply rate of eggs. Let us
say that you run across a new source of eggs and can now bake and sell
cakes at a much faster rate. That works for a while. But then you find that
your cake production is limited by a new factor: your supply rate of sugar.

This analogy can be applied to nutrient dynamics in lakes. Prior to
extensive development in areas like the Lake Champlain Basin, the primary
limitation on algal growth is thought to have been the rate at which
phosphorus could be delivered. Carbon is widely available in the form of
carbon dioxide (CO,) in the atmosphere and this carbon can easily be
converted into biomass through the simple process of photosynthesis.”' All
green plants, including algae, can engage in photosynthesis, so acquiring
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carbon is not a great problem. Nitrogen arises naturally through a variety of
processes, including natural fires, volcanic emissions, and lightning.52 For
example, lightning converts di-nitrogen gas (N,), which is about seventy-
eight percent of what we breathe in the air, into nitrogen oxides (NOy) that
can be turned into useful forms of nitrogen (e.g., nitrate) in water.>
However, phosphorus is relatively harder to acquire. Before the industrial
era, the primary source of new phosphorus was the weathering of rocks by
the action of wind, water, and plant root growth.>* Weathering is an
extremely slow process that plays out over decades to millennia. The
amount of new phosphorus released to the environment by this means is
quite low. As a consequence, under pre-industrial conditions, phosphorus
was likely to be the element that most limited production of algae in lakes
like Lake Champlain.

But in the post-industrial world, phosphorus began to be mined and
concentrated into forms that could be used on farms, in industry, and at
home.” Eventually, this “new” phosphorus introduced into the ecosystem
found its way to downstream receiving waters. To return to our cake
analogy, there is now a new source of eggs that could accelerate production.
According to the principles of ecological stoichiometry discussed above, we
would expect the delivery rate of nitrogen to now limit new production by
algae, enabled by the higher rate of phosphorus delivery. To be sure, algal
growth might increase a little bit due to the new phosphorus, but eventually
nitrogen limitation would prevail.

However, there is an additional piece to this story. It turns out that some
microbial organisms have evolved an enzyme—nitrogenase—that can
break apart N, molecules that are abundantly available in the air and easily
soluble in water.”® These organisms can convert N, to “reduced” forms of
nitrogen in a process called nitrogen fixation and this reduced nitrogen can
be used by algae for growth.’’ It is worth pausing to consider what a
remarkable feat this is. Karl Haber, working with Carl Bosch in Germany in
the early 1900s, discovered a way to create industrial quantities of
ammonium (NH,") from atmospheric N, by creating an environment
pressurized to a level about 200 times higher than standard atmospheric

52. David Fowler et al., The Global Nitrogen Cycle in the Twenty-First Century, 368 PHIL.
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pressure, with a temperature elevated to between 400-500°C (752-932°F),
and including one of several forms of an iron, aluminum, or silicate
catalyst.”® This is an extraordinarily harsh environment in which no living
organism could survive. Yet the algae that have the nitrogenase enzyme (a
type of biological catalyst) can do the same thing at typical atmospheric
pressure and comfortable—even cool—temperatures!® This is an amazing
biological adaptation.

Not all algal species have the nitrogenase enzyme, but those that do
have a competitive advantage over algal species that do not have this
enzyme. All algae have a virtually unlimited supply of carbon as CO, in the
air, which they access through the process of photosynthesis. Algal species
that have the nitrogenase enzyme have access to an unlimited supply of
nitrogen as N, in the air, which they can reduce by the process of nitrogen
fixation. Thus, the growth of these species is limited only by the supply rate
of phosphorus.® If the phosphorus supply rate goes up, these algae produce
more biomass and may rapidly grow to bloom conditions.”’ These are the
pea-soup thick, bright green, and often smelly scums of plant matter that we
see in quiet bays of Lake Champlain on some August days.

Unfortunately, a large portion of these blooms are composed of a
special group of organisms called cyanobacteria or “blue-green algae.”®
These organisms are classified as true bacteria but have characteristics of
algae (chlorophyll and photosynthesis) and also characteristics of bacteria
(no nucleus or internal cell membranes).”’ Nitrogen fixation is common
among cyanobacterial species.®* Furthermore, these organisms are capable
of producing species-specific toxins that can have serious human health
impacts, including skin rashes, nervous system disruption, and liver
damage.® A variety of toxins are produced by different cyanobacterial
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2016] Role of Phosphorous in Lake Champlain Pollution 511

species, including microtoxin, cylindrospermopsin, anatoxins, and
saxitoxins.® One of the perplexing riddles yet to be solved is to understand
“why do these organisms produce these toxins” and, more importantly,
“under what circumstances”? In some cases, large and very dense blooms
of cyanobacteria have proven to be entirely non-toxic and in other cases,
small and seemingly feeble blooms have proven to be very toxic.”” The
bottom line is that potentially-toxic cyanobacteria are particularly well
adapted to thrive in the warm, relatively phosphorus-enriched conditions
that prevail in some parts of Lake Champlain in the late summer.

IV. SOURCES AND CONTROLS OF PHOSPHORUS TO LAKE CHAMPLAIN

How did all of this new phosphorus end up in Lake Champlain? To
start with, it is important to remember that phosphorus is a natural element
in the environment and that it is required for life. In this sense, it is an
essential nutrient and a common element in soils and the rocks from which
soils are derived. The concentration of phosphorus in undeveloped soils in
Vermont are not particularly unusual in this respect.®® However, human
activities have intensified the use of phosphorus and created local
“hotspots” of high phosphorus concentrations that have led to regular and
persistent water quality problems in lakes like Lake Champlain.”’

It has clearly become necessary to significantly reduce the amount or
“load” of phosphorus that reaches sensitive lakes like Lake Champlain. As
a consequence, the State of Vermont, working with Region 1 of the U.S.
Environmental Protection Agency (“EPA”) has developed a
recommendation for the total maximum daily load (“TMDL”) that is
allowable for the health of Lake Champlain.” The history, rationale,
development, and implementation of the Lake Champlain Phosphorus
TMDL is the subject of other articles in this issue. But in the context of this
article, it is relevant to review briefly where this excess phosphorus is
coming from and what happens to it.

66. Id. at 19.

67. Lake Conditions and Blue-Green Algae Bloom Updates, VT. DEP’T OF HEALTH
http://healthvermont.gov/enviro/bg_algae/weekly status.aspx  [https:/perma.cc/845H-ZY73]  (last
visited Apr. 1, 2015).

68. Eulaila R. Ishee et al., Phosphorus Characterization and Contribution from Eroding
Streambank Soils of Vermont’s Lake Champlain Basin, 44 J. ENVTL. QUALITY 1,745, 1,746 (2015).

69. See Laura Arenschield, Toledo Bearing Full Brunt of Lake Erie Algae Bloom,
COLUMBUS DISPATCH (Aug. 4, 2014), http://www.dispatch.com/content/stories/local/2014/08/04/this-
bloom-is-in-bad-location.html [https://perma.cc/KYIN-SU9IX] (explaining that in the summer of 2014
the City of Toledo had to shut down the water supply for a population of nearly 500,000 due to a large
and toxic algal bloom that developed in Lake Erie).

70. U.S. ENVTL. PROT. AGENCY, supra note 6, at 1-2.
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EPA has estimated that more than three-quarters of the total phosphorus
load to Lake Champlain (631 of 922 metric tons/year) comes from sources
in the State of Vermont with the balance coming from sources in New York
and the Province of Quebec.”' This is not surprising because compared to
New York and Quebec, Vermont has more shoreline, a larger population,
and more intensive land use.”

The largest portion—about forty-one percent—of the total phosphorus
loading to Lake Champlain comes from agricultural lands in Vermont,
which represent about nineteen percent of the total land area in the basin.”
In the particular case of agriculture, farmers import large quantities of
phosphorus in the form of grains for feed and fertilizers for crops.”* The
total quantity of phosphorus that leaves the basin in the form of
intermediate or finished farm products is far less. The difference has to
accumulate somewhere. It has proven to be impossible to retain this excess
phosphorus on the farms and so it eventually makes its way to the lake.”
On-farm retention is doomed to fail until imports to farms can be reduced to
match exports from farms or the ability to permanently retain or recycle
phosphorus on farm.

Developed (urban, suburban, and “barren”) areas make up a relatively
small portion of the overall land use in the Lake Champlain Basin
approximately six percent) but account for eighteen percent of the total
phosphorus load to Lake Champlain.”® On a per-acre basis, urban areas
deliver two to three times more phosphorus than agricultural lands.”” It is
still not clear why this is case. Leaking sewer pipes and excessive lawn

71. Id.at17.

72. Nathalie Fortin et al., Toxic Cyanobacterial Bloom Triggers in Missisquoi Bay, Lake
Champlain, as Determined by Next-Generation Sequencing and Quantitative PCR, 5 LIFE 1,368, 1,369
(2015).

73. U.S. ENVTL. PROT. AGENCY, supra note 6, at 47; see AUSTIN TROY ET AL., LAKE
CHAMPLAIN BASIN PROGRAM, UPDATING THE LAKE CHAMPLAIN BASIN LAND USE DATA TO IMPROVE
PREDICTION OF PHOSPHORUS LOADING 87 (2007) (calculated using data from Appendix I).

74. Where Does the Phosphorus in Lake Champlain Come From?, LAKE CHAMPLAIN
BASIN PROGRAM, http://sol.Icbp.org/Phosphorus_where-does-p-come-from.html
[https://perma.cc/HQV9-WVAV] (last visited Apr. 19, 2016).

75. Erica Joy Brown Gaddis, Landscape Modeling and Spatial Optimization of Watershed
Interventions To Reduce Phosphorus Load to Surface Waters Using a Process-Oriented and
Participatory Research Approach: A Case Study in the St. Albans Bay Watershed, Vermont,
RESEARCHGATE (2007),
https://www.researchgate.net/publication/33692301 Landscape modeling_and_spatial optimization_of
_watershed_interventions to_reduce phosphorus load to surface waters_using a_process-
oriented and_participatory research approach a case study in the St A [https://perma.cc/H69R-
KVEZ].

76. U.S. ENVTL. PROT. AGENCY, supra note 6, at 47; TROY ET AL., supra note 73, at 87.

77. U.S. ENVTL. PROT. AGENCY, supra note 6, at 47 (indicating the amount of phosphors
delivered from urban and agricultural areas); see also TROY ET AL., supra note 73, at 87 (indicating land
use trends in the Vermont portion of the basin).
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fertilization are potential sources of excess nutrients in ground and surface
waters.”

Sewage treatment plants or wastewater treatment plants (“WWTWs”)
are a part of the developed landscape. However, largely because they are
easy to measure and easy to regulate, we have separate estimates of their
total contribution to the phosphorus load to Lake Champlain. The Vermont
contribution from WWTWs is about four percent of the total.” This is a
small percentage, but some have argued that the form of the phosphorus
released from WWTWs is more readily available to microorganisms and
algae for growth.*

Forest lands make up the majority of the land cover in Vermont
(approximately sixty-six percent).® Although the amount of phosphorus
delivered from each acre of forestland tends to be low compared to
agricultural and developed lands, the comparatively large number of
forestland acres means that the cumulative contribution is substantial, about
sixteen percent of the total.*’

One of the more surprising findings in the most recent research
supporting the new TMDL is that streambank erosion provides
approximately twenty-one percent of the total phosphorus load to the lake.*
It should be noted that this phosphorus load comes from some combination
of eroding agricultural and developed land streams and erosion from
backroads in forested areas.™

Before leaving this topic it is important to recognize that it is an
oversimplification to say that agriculture is the largest source of phosphorus
and so phosphorus reduction by farmers is the most important priority. Nor
is it entirely accurate to say that developed lands have the largest per-acre
loading rate of phosphorus and so developers need to reduce their
phosphorus loads first. Both statements are true to a point. But we all use
the products from farms, many of us live in homes or rely on businesses
that operate in developed lands and most of us recreate in the forestlands of
Vermont. Thus, the solution to reducing phosphorus loading to Lake

78. Neely Law et al., Nitrogen Input from Residential Lawn Care Practices in Suburban
Watersheds in Baltimore County, MD, 47 J. ENVTL. PLAN. & MGMT. 737, 738 (2004); Duy Khiem Ly &
Ting Fong May Chui, Modeling Sewage Leakage to Surrounding Groundwater and Stormwater Drains,
66 WATER SCI. & TECH. 2659, 2661 (2012).

79. U.S. ENVTL. PROT. AGENCY, supra note 6, at 47.
80. Id. at 19.

81. TROY ET AL., supra note 73, at 87.

82. U.S. ENVTL. PROT. AGENCY, supra note 6, at 47.
83. Id.

84. Id. at 19.
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Champlain is not just one group’s responsibility. It will require substantial
efforts by everyone.

V. PHOSPHORUS AND FUTURE FOR LAKE CHAMPLAIN

As detailed elsewhere in this issue, Vermont will have to substantially
reduce the total loading of phosphorus to Lake Champlain if we hope to
control the unsightly and potentially dangerous algal blooms that now occur
during most summers.* But “Vermont” is not a single entity that can be
neatly managed. Vermont is composed of economic sectors, municipalities,
neighborhoods, and individual property owners, each of whom is
responsible—directly or indirectly—for some portion of the phosphorus
that enters Lake Champlain. It is understandable that many people assume
that their actions cannot possibly be important because the portion of the
total phosphorus load for which they are responsible is infinitesimally
small. It is interesting to note that there are about 600,000 people who live
in the Lake Champlain basin.® If each person contributes about three-
quarters of a pound of phosphorus each year, the sum is about 231 metric
tons/year, the amount by which EPA has concluded that we need to reduce
phosphorus loading.®” Thus, if everyone committed to using just twelve
ounces less phosphorus per year, we could reduce phosphorus loading to
the target amount.

But, assuming we could do this, it is important to realize that we will
not see an immediate improvement in lake water quality. Phosphorus is
different from carbon and nitrogen in several respects. One important
difference is that carbon and nitrogen can be converted naturally by
microbes into forms that are volatile gases, which dissipate into the
atmosphere.* Indeed, this process of volatilization renews these gas stocks
in the atmosphere and allows the carbon and nitrogen cycles to persist.*’

Phosphorus is different in that it has no volatile phase.” As a
consequence, any new phosphorus that we bring into the Lake Champlain
Basin will stay in the basin unless it is exported. It is true that a small
amount of phosphorus leaks out each year via the Richelieu River and

85. U.S. ENVTL. PROT. AGENCY, supra note 6, at 7.

86. Lake and Basin Facts, LAKE CHAMPLAIN BASIN PROGRAM,
http://www.lcbp.org/about-the-basin/facts/ [https:/perma.cc/SVRY-VFLS] (last visited Mar. 30, 2015).

87. U.S. ENVTL. PROT. AGENCY, supra note 6.

88. Fowler et al., supra note 52, at 5-6.

89. Id. 1t is worth noting that we have created imbalances in these cycles to, which is

leading to global warming.
90. Smil, supra note 4, at 56, 61.
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discharges to the St. Lawrence River.”' But the majority of the phosphorus
stays in the basin.”” If that phosphorus stayed where it was used, we would
have fewer problems with Lake Champlain. However, Lake Champlain is
the lowest point of the basin. It is the receptacle that is the final resting
place of sediment and phosphorus that drains from our entire landscape and
travels down our rivers. It may take decades, centuries, or millennia, but
much of the phosphorus that we use on fields, lawns, parks, gardens, and in
the food we eat will eventually end up in the lake. If the sources of that
phosphorus were originally from outside the basin, the total burden of
phosphorus to the Lake Champlain Basin and, eventually, Lake Champlain
will increase.

Fortunately, most of the phosphorus that settles into the sediments of
Lake Champlain is buried.” In fact, the majority of the annual phosphorus
load to the lake is simply buried and never has a chance to affect algal
production.”® This sediment phosphorus eventually becomes a part of the
geological cycle of rock formation and weathering.” However, there is a
store of phosphorus in the near-surface—active sediments of Lake
Champlain that could continue to fuel algal production for decades, even
without additional phosphorus inputs from rivers.’® This is certainly
discouraging news, but it should also reinforce our commitment to clean up
the lake. Specifically, armed with this knowledge, it is clear that we have to
commit to this clean up over the long haul. It is a certainty that we will
expend great effort and considerable resources to reduce the phosphorus
loading to Lake Champlain. We should not be discouraged if we see little
immediate benefit in terms of reduced algal blooms. In time, we should
begin to see positive results. However, this lag may be longer than the
current planning horizon for Vermont Act 64,” or for the EPA TMDL.”
Understanding why phosphorus behaves the way it does will hopefully
reinforce our commitment to implement the hard changes needed to return
Lake Champlain to a condition that supports all of our economic,
recreational, and spiritual needs.

91. Eric Smeltzer & Scott Quinn, A Phosphorus Budget, Model, and Load Reduction
Strategy for Lake Champlain, 12 LAKE & RESERVOIR MGMT. 381, 383-84 (1996).

92. 1d. at 384.

93. 1d. at 389.

94. Eric Smeltzer et al., Environmental Change in Lake Champlain Revealed by Long-
Term Monitoring, 38 J. GREAT LAKES RES. 6, 14-16 (2012).

95. Smil, supra note 4, at 80.

96. Donald W. Meals et al., Lag Time in Water Quality Response to Best Management
Practices: A Review, 39 J. ENVTL. QUALITY 85, 89 (2010).

97. 2015 Vt. Acts & Resolves 309,710.

98. U.S. ENVTL. PROT. AGENCY, supra note 6, at 55-56.
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INTRODUCTION

Cyanobacteria, common photosynthetic organisms found around the
world, pose a human health risk because of the possibility that they may
produce toxins. The proliferation of cyanobacteria directly impacts drinking
water usage and recreational activities in surface waters. Over the last
decade, a strong relationship among academia, state agencies, a local
environmental organization, and the regional Champlain management
organization has increased local knowledge and capacity to respond to the
presence of these organisms in the lake. Reducing the number, extent and
intensity of cyanobacteria blooms is a priority of state water quality
management activities, outlined in detail by the Champlain Total Maximum
Daily Load (“TMDL”), the Phase I Implementation Plan, and the Vermont
Clean Water Act.

1. Angela Shambaugh has worked as an aquatic biologist for the Watershed Management
Division at the Vermont Department of Environmental Conservation since 2004. She coordinates the
cyanobacteria monitoring program on Lake Champlain and has more than twenty-five years of
experience in the fields of phytoplankton ecology and water quality. Views expressed in this paper
reflect the views of the author only and do not necessarily represent the policies of the State of Vermont.
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Cyanobacteria are important components of ecosystems. Previously
called blue-green algae, these highly adaptable bacteria are found in all
environments, aquatic and terrestrial, from the equator to the poles.” One of
the oldest organisms on Earth, geologic and genetic evidence has shown
that cyanobacteria were the first organisms to evolve the ability to
photosynthesize, a process which dramatically reshaped life on Earth and
eventually resulted in the oxygen-dominated atmosphere now present.’
Cyanobacteria also have an important role in nitrogen cycling, particularly
in extreme environments such as deserts and polar regions where this
nutrient is in short supply. * There is increasing interest in using
cyanobacteria to naturally enhance agricultural productivity.’

In aquatic environments, cyanobacteria can grow profusely, producing
masses of floating scum and discoloring the water. ® These masses,
commonly known as blooms, deter recreational activities, disrupt water
supplies, and impact other aquatic organisms when oxygen levels drop in
response to the large quantity of biomass.’ Fish kills are a common
occurrence during intense cyanobacteria blooms when oxygen levels can
drop significantly.® Some species of cyanobacteria can also produce potent
toxins and it is this aspect of cyanobacteria ecology which has raised
awareness of these organisms in recent years. Blooms have moved beyond
being an unsightly nuisance to become potential health risks. There are no
federal regulations outlining response to cyanobacteria blooms and
jurisdictions across the country have developed individual approaches,
ranging from no response to closing entire lakes to public recreation and
drinking water use.

2. Hans W. Paerl et al., Cyanobacterial—Bacterial Mat Consortia: Examining the
Functional Unit of Microbial Survival and Growth in Extreme Environments, 2 ENVTL. MICROBIOLOGY
11, 11-12 (2000).

3. Armen Y. Mulkidjanian et al., The Cyanobacterial Genome Core and the Origin of
Photosynthesis, 103 PROC. NAT’L ACAD. SCI. 13,126, 13,129 (2006).
4. See generally Thulani P. Makhalanyane et al., Ecology and Biogeochemistry of

Cyanobacteria in Soils, Permafrost, Aquatic and Cryptic Polar Habitats, 24 BIODIVERSITY &
CONSERVATION 819 (2015) (describing the role cyanobacteria play in extreme environments).

5. See generally Jay Shankar Singh, Efficient Soil Microorganisms: A New Dimension for
Sustainable Agriculture and Environmental Development, 140 ARGIC., ECOSYSTEMS & ENV’T 339
(2011) (describing how sustainable agriculture can keep up with agricultural needs while remaining
environmentally friendly and safe).

6. Hans W. Paerl et al., Harmful Freshwater Algal Blooms, with an Emphasis on
Cyanobacteria, 1 SCI. WORLD 76, 78 (2001).
7. 1d. at 76.

8. Id. at 102.
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On Lake Champlain, cyanobacteria have been observed in the plankton
community since the 1930s.” Pigment markers in sediment cores from St.
Albans and Missisquoi Bay document their presence in pre-colonial times
and earlier.'’ These organisms are natural and native components of the
Lake Champlain ecosystem. Blooms have been documented in some
locations on Lake Champlain for many years. Saint Albans Bay, in
particular, has experienced blooms since at least the late 1960s. '
Cyanobacteria have been abundant in Missisquoi Bay since the early
1990s."* The Main Lake has also experienced blooms periodically since that
time."”

Cyanobacteria proliferate in nutrient-rich waters and it is in these areas
of Lake Champlain—Missisquoi and St. Albans Bays—where extensive
intense blooms regularly occur and persist. '* Here, waters become
increasingly discolored and turbid as the cyanobacteria population grows
over the summer. Under low wind conditions, or in protected areas, thick
layers of cyanobacteria form at the water surface. The result is a carpet of
green, blue, and occasionally, white scum at the water’s surface, which may
extend for miles on a calm sunny day.'’ Though they vary in magnitude
each year, blooms on Champlain’s nutrient-rich bays are present during
much of August and into September.'® While other areas of the lake may
occasionally experience dense scums, it is the northern bays where
cyanotoxins periodically exceed recreational guidelines.'’

I. CYANOBACTERIA TOXINS

Cyanobacteria are known to produce a variety of potent toxins. There is
currently no clear understanding of the role these have in the life cycle of

9. See Suzanne N. Levine et. al., The Eutrophication of Lake Champlain’s Northeastern
Arm: Insights From Paleolimnological Analyses, J. GREAT LAKES RES. 35, 42 (2012) (explaining algal
abundance from 1600 in Missisquoi Bay).

10. 1d.

11. Id. at 36.

12. See Angela Shambaugh, Historical Phytoplankton Densities At Missisquoi Bay, Station
50 1 (Vt. Dep’t Envtl. Conservation, Draft, 2008) (stating that long-term monitoring of Missisquoi Bay
began in 1992).

13. 1d.

14. ANGELA SHAMBAUGH ET AL., CYANOBACTERIA MONITORING ON LAKE CHAMPLAIN
SUMMER 2014 5 (2015),
http://dec.vermont.gov/sites/dec/files/wsm/lakes/docs/lp_Cyanobacteria2014.pdf.

15. Cyanobacteria: Blue-Green Algae, VT. DEP’T OF HEALTH,
http://www.healthvermont.gov/enviro/bg_algae/bgalgae.aspx (last visited Apr. 7, 2016).

16. LAKE CHAMPLAIN BASIN PROGRAM, 2015 STATE OF THE LAKE AND ECOSYSTEM

INDICATORS REPORT 13 (2015).
17. Id.



2016] Cyanobacteria and Human Health Concerns 519

cyanobacteria.'® Not all are capable of toxin production and the ability is
not shared by all taxa within a genus. Toxin production can also be turned
on and off by the cells.'” There is no visible indication that toxins are
present and blooms may contain a mixture of toxic and non-toxic cells.”® As
a result, all blooms must be considered potentially toxic.*'

Cyanotoxins affect vital organs throughout the body. ** The
hepatotoxins (microcystin, cylindrospermopsin, and nodularin) may
damage the liver.” The neurotoxins (anatoxin, neosaxitoxin, saxitoxin)
affect the nervous system.’* Beta-Methylamino-L-alanine (“BMAA”) has
been linked to neurological disease such as Lou Gehrig’s Disease (also
know as “ALS”) and Parkinson’s disease.”” Dermatoxins (lyngbyatoxin,
aplysiatoxins, and lipopolysaccharides) may cause severe skin rashes and
gastrointestinal distress.”® Several cyanotoxins are likely tumor-promoters
and possible carcinogens.”” Exposure to these compounds can cause illness,
sometimes severe, in mammals. Dogs are especially susceptible, with
numerous deaths attributed to cyanotoxins each year in the U.S.* Livestock
and wildlife deaths are reported periodically.*

People are also susceptible to cyanobacterial toxins, though attributing
illness to cyanobacteria exposure can be difficult. Symptoms experienced

18. Timothy G. Otten & Hans W. Paerl, Health Effects of Toxic Cyanobacteria in U.S.
Drinking and Recreational Waters: Our Current Understanding and Proposed Direction, WATER AND
HEALTH 75, 75 (2015).

19. Id. at76.
20. 1d. at 80-81.
21. Id. (explaining that it is difficult to consider an organism safe for consumption “when

we know so little about it”); TOXIC CYANOBACTERIA IN WATER: A GUIDE TO THEIR PUBLIC HEALTH
CONSEQUENCES, MONITORING AND MANAGEMENT § 3.1 (Ingrid Chorus & Jamie Bartram eds., 1999).
22. ToxiC CYANOBACTERIA IN WATER, supra note 22, § 3.1.1; see generally LESLEY
D’ANGLADA ET AL., ENVTL. PROT. AGENCY, HEALTH EFFECTS SUPPORT DOCUMENT FOR
CYANOBACTERIAL TOXIN MICROCYSTINS (2015) [hereinafter EPA MICROCYSTINS EFFECTS]; LESLEY
D’ANGLADA ET AL., ENVTL. PROT. AGENCY, HEALTH EFFECTS SUPPORT DOCUMENT FOR
CYANOBACTERIAL TOXIN CYLINDROSPERMOPSIN (2015) [hereinafter EPA CYLINDROSPERMOPSIN
EFFECTS]; LESLEY D’ ANGLADA ET AL., ENVTL. PROT. AGENCY, HEALTH EFFECTS SUPPORT DOCUMENT
FOR CYANOBACTERIAL TOXIN ANATOXIN-A (2015) [hereinafter EPA ANATOXIN-A EFFECTS] (each
report provides an analysis of the effects of the specific cyanotoxin on human health); U.S.
GEOLOGICAL SURVEY, GUIDELINES FOR DESIGN AND SAMPLING FOR CYANOBACTERIAL TOXIN AND

TASTE-AND-ORDER STUDIES IN LAKES AND RESERVOIRS 8 (2008),
http://pubs.usgs.gov/sir/2008/5038/pdf/SIR2008-5038.pdf [hereinafter USGS GUIDELINES].

23. USGS GUIDELINES supra, note 22, at 8.

24. 1d.

25. Id.

26. 1d.

27. 1d.

28. Lorraine C. Backer et al., Canine Cyanotoxin Poisonings in the United States (1920s-
2012): Review of Suspected and Confzrmed Cases from Three Data Sources, 5 TOXINS 1,597, 1,597-98
(2013).

29. Id. at 1,598.
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may not be reported to a physician or may be misdiagnosed.’® Human
illness associated with cyanobacteria has been reported from around the
world since the 1930s.”' Though human deaths have occurred after
exposure,32 such cases are rare. More commonly, exposure results in skin,
gastrointestinal, or respiratory symptoms. On Lake Champlain, a study
conducted on Missisquoi Bay found residents experienced minor
gastrointestinal and respiratory illnesses after exposure to cyanobacteria
through drinking water and recreational activities.”> No severe human
illness associated with cyanobacteria exposure on Lake Champlain has been
reported to date.

Analytical methods to detect cyanotoxins range in sensitivity and length
of time required to complete the analysis. Liquid chromatography/mass
spectrometry (“LC/MS”) methods provide the most sensitive options.>*
Understanding of the complexity and variety of toxins—microcystin
currently has more than 100 known variants”>—is gained primarily through
these methods. However, equipment is costly, requires highly trained staff,
and typically needs at least 24 hours before results become available.*®
Methods are specific to individual toxins, requiring multiple tests to
determine which toxins may be present in a bloom.

Rapid enzyme-linked immunosorbent assay (“ELISA”) techniques have
become the most common test used to inform recreational and drinking
water response to the presence of cyanotoxins. >’ The method is
comparatively inexpensive and results can be available in minutes (the dip-
stick approach) or hours (the multi-well plate approach). ELISA currently
are available for microcystin, cylindrospermopsin, nodularins, anatoxin,
and BMAA.*

30. Lorraine C. Backer et al., Cyanobacteria and Algae Blooms: Review of Health and
Environmental Data from the Harmful Algal Bloom-Related Iliness Surveillance System (HABISS)
2007-2011,7 TOXINS 1,048, 1,055 (2015).

31. ToxiCc CYANOBACTERIA IN WATER, supra note 22, ﬂ 4.1.1.

32. Id.; San M.F.O. Azevedo et al., Human Intoxication By Microcystins During Renal
Dialysis Treatment in Caruaru — Brazil, 181 TOXICOLOGY 441,442 (2002).

33. Benoit Lévesque et al., Prospective Study of Acute Health Effects in Relation to
Exposure to Cyanobacteria, 466—67 SCI. TOTAL ENV’T 397, 398, 401-02 (2014).

34, EPA MICROCYSTINS EFFECTS, supra note 22, at 26.

35. Id. at xii.

36. USGS GUIDELINES, supra note 22, at 9.

37. 1d. at 8-9.

38. Id. at8.
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II. FACTORS ENCOURAGING THE GROWTH OF CYANOBACTERIA

Cyanobacteria are highly successful organisms, as their presence on
Earth for millennia and in some of the most extreme environments can
attest. In particular, they have several ecological strategies that allow them
to proliferate and dominate in aquatic ecosystems, particularly those that
are highly nutrient-enriched. These include buoyancy regulation, tolerance
of elevated temperature, nitrogen fixation, and protection from oxidative
stress.

Many cyanobacteria can form gas vacuoles within their cells and
control their position in the water column in response to environmental
conditions, particularly in stable, calm waters.” This allows cyanobacteria
to remain at the water surface or at depths that are suitable for maximum
photosynthesis.* Buoyancy can also change in response to cell nutrient
status, with some taxa such as Microcystis descending to the sediment
surface in shallow waters to obtain nutrients that may be lacking in the
surface waters, *' then rising again for optimal photosynthesis. Dense
accumulations at the surface shade out competitors, both other algae and
rooted aquatic plants.*

Cyanobacteria grow under a wide range of temperatures. Though some
taxa are capable of strong growth in winter conditions, highest densities
typically occur in mid- to late summer on Lake Champlain.* On Missisquoi
Ba}g, blooms are most likely to occur once water temperatures reach 68°
F.

Reactive compounds, such as hydrogen peroxide, form when dissolved
organic carbons are broken down under the high light intensities found at
the water’s surface and can be readily absorbed into cells.* Recent studies
suggest that microcystin may have a role in protecting cyanobacteria cells

39. Aharon Oren, Cyanobacteria: Biology, Ecology and Evolution, in CYANOBACTERIA:
AN ECONOMIC PERSPECTIVE 10 (Naveen Sharma, Ashwani Rai & Lucas Stahl eds. 2014); Hans W.
Paerl & Timothy G. Otten, Harmful Cyanobacterial Blooms: Causes, Consequences, and Controls, 65
ENVTL. MICROBIOLOGY 995, 999 (2013).

40. Oren, supra note 39, at 10; Harmful Cyanobacterial Blooms, supra note 39, at 999.

41. See generally Justin D. Brookes & George G. Ganf, Variations in the Buoyancy
Response of Microcystis Aeruginosa To Nitrogen, Phosphorus and Light, 23 J. PLANKTON RES. 1399,
1407-09 (2001) (explaining responses in buoyancy of microcystis to limitations in resources).

42. Id.

43. See SHAMBAUGH, supra note 14, at 2 (documenting the highest concentration of
mircosystin in August).

44. Nathalie Fortin, Toxic Cyanobacterial Bloom Triggers in Missisquoi Bay, Lake
Champlain, as Determined by Next-Generation Sequencing and Quantitative PCR, 5 LIFE 1,346, 1,366
(2015).

45. Harmful Cyanobacterial Blooms, supra note 39, at 1,002.
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from these stressors, enabling them to survive the harsh conditions present
in prolonged surface blooms*® and providing a competitive advantage.*’

Nutrients play a pivotal role in determining community composition
and abundance of phytoplankton.* Phytoplankton can only grow to the
extent that vital nutrients are available, either dissolved in the water or
released from organic matter as it decomposes. ¥ In the aquatic
environment, the concentration of phosphorus—the essential nutrient in
shortest supply—and differences among phytoplankton taxa in their ability
to use available forms, regulates the density and composition of the
phytoplankton community.® As phosphorus concentrations increase, more
biomass is supported and growth continues until another limitation—often
of nitrogen—occurs. Many cyanobacteria, e.g. Anabaena, are capable of
nitrogen fixation, which enables them to utilize gaseous nitrogen present in
the water.” Others have evolved cellular processes that enable them to use
different forms of nitrogen in the water more efficiently, influencing
community structure. > Current research suggests the dominance of
cyanobacteria in eutrophic systems is an outcome of the co-limitation of
phosphorus and nitrogen.”

Finally, cyanobacteria are resistant to grazing pressure from
zooplankton, mussels, and fish. > It may be physically difficult for
zooplankton to capture and consume large gelatinous colonies and long
filamentous forms.> Cyanobacteria may be less palatable and therefore
actively avoided by zebra mussels.’® They may also be resistant to digestion

46. Yvonne Zilliges et al., The Cyanobacterial Hepatotoxin Microcystin Binds to Proteins
and Increased the Fitness of Microcystis Under Oxidative Stress Conditions, 6 PUB. LIBR. SCI. ONE 1, 8
(2011).

47. Hans W. Paerl & Timothy G. Otten, Blooms Bite the Hand that Feeds Them, 342
ENVTL. SCI. 433, 434 (2013).

48. C.S. REYNOLDS, THE ECOLOGY OF PHYTOPLANKTON 362-363 (2006).

49. William B. Bowden, Background Facts: Role of Phosphorus in Lake Champlain
Pollution, supra p. 506.

50. 1d. at 365.

51. M.B. Allen & Daniel Arnon, Studies on Nitrogen-Fixing Blue-Green Algae. I. Growth
and Nitrogen Fixation by Anabaena Cylindrica Lemm, 30 PLANT PHYSIOLOGY 366, 366 (1955).

52. See generally Marie-Eve Monchamp et al., Nitrogen Forms Influence Microcystin
Concentration and Composition via Changes in Cyanobacterial Community Structure, 9 PUB. LIBR. SCI.
ONE 1 (2014) (indicating that some cyanobacteria cells have evolved to use nitrogen from waters).

53. Harmful Cyanobacterial Blooms, supra note 39, at 1,004.

54. Orlando Sarnelle, Initial Conditions Mediate the Interaction Between Daphinia and
Bloo-Forming Cyanobacteria, 52 AM. SOC’Y LIMNOLOGY & OCEANOGRAPHY 2,120, 2,120 (2007).

55. Alan E. Wilson et al., Effects of Cyanobacterial Toxicity and Morphology on the
Population Growth of Freshwater Zooplankton: Meta-Analyses of Laboratory Experiments, 51 AM.
SOC’Y LIMNOLOGY & OCEANOGRAPHY 1,915, 1,916 (2006).

56. Henry A. Vanderploeg et al., Zebra Mussel (Dreissena Polymorpha) Selective
Filtration Promoted Toxic Microcystic Blooms in Saginaw Bay (Lake Huron) and Lake Erie, 58 CAN. J.
FISHERIES & AQUATIC SCI. 1,208, 1,218 (2001).
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and may absorb nutrients as they pass through the gut.”” Their ability to
grow rapidly may also overwhelm the available consumers and limit the
ability of the zooplankton to control cyanobacteria density.’® Cyanotoxins
may inhibit zooplankton growth.”

III. ECOSYSTEM AND HUMAN IMPACTS

Under low nutrient conditions, cyanobacteria often pass unnoticed. The
annual transition from diatom-dominated communities in early spring to
cyanobacteria dominance during the warmer stratified period and back to
diatom domination after fall turnover® typically causes little change in
visual appearance. As nutrient concentrations increase, blooms of
cyanobacteria may become more common. Blooms of other phytoplankton,
e.g., diatoms or green algae, also may occur but do not form the surface
scums characteristic of many cyanobacteria.’’ Water clarity can be greatly
reduced, which decreases swimming activity. Beaches may be closed.
Boating activities can also be curtailed by blooms due to odors and the risk
of inhaling water droplets containing cyanobacteria.®” Fishing activity is
generally not restricted during cyanobacteria blooms, but public health
officials often recommend removing the skin, discarding the entrails, and
washing fillets before consumption as a precaution.”” The frequency and
intensity of cyanobacteria blooms increases with rising nutrient
concentrations.**

57. Phosphorus Uptake by Microcystis During Passage Through Fish Guts, 48 AM. SOC’Y
LIMNOLOGY & OCEANOGRAPHY 2,392,2,394 (2003).

58. Francis Chan, Bloom Formation in Heterocystic Nitrogen-Fixing Cyanobacteria: The
Dependence on Colony Size and Zooplankton Grazing, 49 AM. SOC’Y LIMNOLOGY & OCEANOGRAPHY
2,171,2,176 (2004).

59. Lars-Anders Hansson et al., Cyanobacterial Chemical Warfare Affects Zooplankton
Community Composition, 52 FRESHWATER BIOLOGY 1,290, 1,291 (2007).

60. Water density changes with water temperature. As water is warmed by sunlight,
density changes and results in the formation of distinct layers of water which do not readily mix, a
phenomenon known as stratification. As sunlight decreases in the fall, water temperatures become more
similar in density and increasing winds can break down stratification. At these times, lake water from
top to bottom mixes readily, even in lakes as large and deep as Champlain. The period is known as fall
turnover. For further discussion of stratification and turnover, see ROBERT G. WETZEL, LIMINOLOGY:
LAKE AND RIVER ECOSYSTEMS (3d ed. 2001).

61. Id. at 334-35.

62. See Lorraine C. Backer et al., Recreational Exposure to Microcystins During Algal
Blooms in Two California Lakes, TOXICON 1 (2009) (concluding that recreational activities on water
bodies with blooms can generate “aerosolized cyanotoxins, making inhalation a possible route of
exposure”).

63. Health and  Ecological  Effects, U.S. ENVTL. PROT. AGENCY,
https://www.epa.gov/nutrient-policy-data/health-and-ecological-effects (last updated Mar. 4, 2016).

64. Harmful Cyanobacterial Blooms, supra note 39, at 1,004.
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Drinking water facilities may also be impacted by the presence of
cyanobacteria. Approximately 145,000 people consume water from Lake
Champlain for drinking.® In Vermont alone, twenty-three private and
public supplies draw water from Lake Champlain.® Intake structures and
treatment train and purification activities directly influence the extent to
which a facility may be impacted by the presence of cyanobacteria and
cyanotoxins.”” The Vermont Drinking Water and Groundwater Protection
Division works closely with operators around Lake Champlain who
proactively monitor surface conditions, change treatment processes in
response to the density of cyanobacteria and algae, and test for the presence
of cyanobacteria toxins when conditions warrant.®®

Beach closures due to cyanobacteria occur each summer in parts of
Lake Champlain.” Fish kills due to low oxygen conditions have occurred
on Missisquoi Bay, as have mussel die-offs.” There have been no recent
detections of cyanobacteria toxins in finished drinking water provided by
facilities in Vermont.”' In Quebec, drinking water facilities on the northern
shores of Missisquoi Bay have altered their treatment train in response to
the annual presence of intense scums and detectable toxin concentrations.”

65. LAKE CHAMPLAIN BASIN PROGRAM, 2015 STATE OF THE LAKE AND ECOSYSTEM
INDICATORS REPORT 16 (2015).

66. Id.

67. ENVTL. PROT. AGENCY, RECOMMENDATIONS FOR PUBLIC WATER SYSTEMS TO

MANAGE CYANOTOXINS IN DRINKING WATER 5-6 (2015); GAYLE NEWCOMBE ET AL., MANAGEMENT
STRATEGIES FOR CYANOBACTERIA (BLUE-GREEN ALGAE): A GUIDE FOR WATER UTILITIES iv (2010),
http://www.waterra.com.au/publications/document-search/?download=106.

68. Cyanobacteria: Blue-Green Algae, VT. DEP’T OF HEALTH,
http://www.healthvermont.gov/enviro/bg_algae/bgalgae.aspx#monitor (last visited June 16, 2016).

69. LAKE CHAMPLAIN BASIN PROGRAM, supra note 65, at 12.

70. Elissa Schuett, Blue-Green Algae Kills Thousands of Fish in Missisquoi Bay, VT.
WATER RESOURCES & LAKE STUDIES CTR. (Aug. 27, 2012),
https://www.uvm.edu/rsenr/vtwater/?Page=news&storylD=14222 &category=vwrlsc.

71. Kathryn Flagg, Public Water Systems Watch for Toxic Algae in Lake Champlain,
SEVEN DAYS (Aug. 13, 2014), http://www.sevendaysvt.com/vermont/public-water-systems-watch-for-
toxic-algae-in-lake-champlain/Content?0id=2416816; see VT. DEP’T OF ENVTL. CONSERVATION,
PROCESS FOR MANAGING ANATOXIN, CYLINDROSPERMOPSIN, AND MICROCYSTIN IN RAW AND
FINISHED WATER SAMPLES FOR PUBLIC WATER SYSTEMS 2 (2015),
http://drinkingwater.vt.gov/wqmonitoring/pdf/FINAL CYANOPRACTICE2015.pdf  (outlining the
recommended cyanotoxin testing procedures for Lake Champlain) [hereinafter PROCESS FOR
MANAGING ANATOXIN] Cyanobacteria: Blue-Green Algae, supra note 68 (providing links to the results
of the weekly testing done of drinking water intakes in Lake Champlain over the 2015 summer for
cyanotoxins).

72. See generally Arash Zamyadi et al., Application of in Vivo Measurements for the
Management of Cyanobacteria Breakthrough into Drinking Water Treatment Plants, 16 ENVTL. SCI:
PROCESSES & IMPACTS 313 (2014) (describing the recommended interventions developed by the
Canadian Ministry of Environment to manage the increased presence of cyanobacteria in drinking water
sources).
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IV. REGULATORY RESPONSIBILITY

Prior to 2015, there were no federal or state regulations outlining
response to cyanobacteria blooms or cyanotoxins. Before the early 2000s,
most public health officials in the Northeast were not aware of the health
risks associated with blooms, though blooms did occur. With the
development of ELISA in the late 1990s, testing of recreational and
drinking water sources increased, documenting the frequent occurrence of
some cyanotoxins, particularly microcystin, in surface waters around the
country.” Without a common standard response, jurisdictions developed
their own approach to the protection of public health during cyanobacteria
blooms, often in crisis mode when they realized that the bloom on their
shoreline might be highly toxic. Guidance from the Centers for Disease
Control (“CDC”) and the World Health Organization™ provided valuable
information, but was used inconsistently in developing response protocols
around the country. The general public, who could not recognize
cyanobacteria blooms, were confused and highly concerned when
cyanobacteria were confirmed in surface waters close to home.

At the time of the 1999 bloom in the Burlington area, there were no
cyanobacteria response plans for Lake Champlain. State officials in
Vermont and New York provided guidance, but responsibility to put
closures and drinking water bans in place belonged to the towns. Early on,
many towns in Vermont and New York did not to respond to cyanobacteria
blooms in their recreational waters. In Quebec, however, closures occurred
more frequently.” The result was a piecemeal approach to cyanobacteria
response where closures occurred on the Canadian side of the border but
guidance was infrequently publicized on the U.S. side.

With the development of the Lake Champlain Cyanobacteria
Monitoring Program (discussed below), a uniform and regular source of
data supported state and provincial officials as they developed response
protocols for public beach managers. Communication between the states

73. Jennifer L. Graham, Environmental Factors Influencing Microcystin Distribution and
Concentration in the Midwestern United States, 38 WATER RES. 4,395, 4,397 (2004); see generally John
R. Beaver et al., Land Use Patterns, Ecoregion, and Microcystin Relationships in U.S. Lakes and
Reservoirs: A Preliminary Evaluation, 36 HARMFUL ALGAE 57 (2014) (showing the patterns of
microcystins now after testing has increased).

74. See generally WORLD HEALTH ORG., GUIDELINES FOR SAFE RECREATIONAL WATER
ENVIRONMENTS, VOLUME 1: COASTAL AND FRESH  WATERS ix, xix (2003),
http://apps.who.int/iris/bitstream/10665/42591/1/9241545801.pdf (providing guidelines “intended to be
used as the basis for the development of international and national approaches” to deal with health risks
from cyanobacteria and other dangerous aquatic organisms).

75. See Cyanobacteria (Blue-Green Algae), LAKE CHAMPLAIN BASIN PROGRAM,
http://www.lcbp.org/water-environment/human-health/cyanobacteria/ (last visited Apr. 20, 2016).
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and Quebec improved as a result of the monitoring program. Though
guidance protocols have commonalities, the three major jurisdictions each
maintain their own thresholds triggering public health response.’® While
authority to close beaches still remains with towns in most cases, when
blooms are suspected, state and provincial officials contact town health
officials and local beach managers directly with information and materials
to guide a consistent response.”’

Drinking water response also varies among the jurisdictions. In
Vermont, the Department of Health (“VDH”) and the Department of
Environmental Conservation (“DEC”) worked with Champlain drinking
water operators to establish a voluntary cyanobacteria response practice in
2007, one of the first in the country.”® Operators receive weekly email
updates and guidance about using this information in daily operations. In
2015, VDH and DEC facilitated the weekly testing of both raw and finish
water at all twenty-three Vermont facilities on Champlain.” They also
assisted smaller facilities with development of cyanobacteria response
plans.

In June 2015, the EPA released guidelines outlining monitoring,
analysis, and response to cyanobacteria in drinking water sources® for two
cyanobacterial toxins: microcystin and cylindrospermopsin. Mandatory
testing was not required; but in December, EPA issued proposed revisions
to the Unregulated Contaminant Monitoring Rule (“UCMR 4”) for Public
Water Systems, which includes a monitoring design to gather more
information on ten cyanobacteria toxins.®' All water systems serving more
than 10,000 people will be required to participate in short-term monitoring

76. Blue-Green Algae and Health, N.Y. DEP’T OF HEALTH,
http://www.health.ny.gov/environmental/water/drinking/bluegreenalgae/ (last updated Feb. 2016); see
QUEBEC DEVELOPPEMENT DURABLE, LA GESTION DES EPISODES: DE FLEURS D’EAU D’ALGUES BLEU-
VERT | (2014), http://www.mddelcc.gouv.qc.ca/eau/algues-bv/outil-gestion/gestion-episodes.pdf
(indicating when Canadian province’s public health response thresholds are triggered); VT. DEP’T OF
ENVTL. CONSERVATION, CYANOBACTERIA (BLUE-GREEN ALGAE) GUIDANCE FOR VERMONT
COMMUNITIES 13 (2015), http://www.healthvermont.gov/enviro/bg_algae/documents/BGA_guide.pdf.

77. CYANOBACTERIA (BLUE-GREEN ALGAE) GUIDANCE FOR VERMONT COMMUNITIES 13-
14, supra note 75.
78. PROCESS FOR MANAGING ANATOXIN, supra note 71, at 1.

79. Cyanobacteria: Blue-Green Algae, supra note 68; see generally What’s New, VT.
RURAL WATER ASS’N, http://www.vtruralwater.org (last updated Apr. 3, 2016) (explaining how the
Vermont Rural Water Association combats and prevents more water pollution of drinking water in
Vermont).

80. Guidelines and Recommendations, U.S. ENVTL. PrROT. AGENCY,
https://www.epa.gov/nutrient-policy-data/guidelines-and-recommendations#what2 (last updated Mar.
15, 2016).

81. Monitoring Unregulated Drinking Water Contaminant: Fourth Unregulated
Contaminant Monitoring Rule, U.S. ENVTL. PROT. AGENCY, https://www.epa.gov/dwucmt/fourth-
unregulated-contaminant-monitoring-rule (last updated Dec. 16, 2015).
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beginning in 2018.% Eight hundred smaller systems will be randomly
selected for participation.™

V. THE RECENT HISTORY OF CYANOBACTERIA AND MONITORING ON LAKE
CHAMPLAIN

During a bloom on the Main Lake in 1999 and again in 2000, several
dog deaths were attributed to cyanobacteria toxins on Lake Champlain.®
The occurrence of toxins in lake water was shocking to the general public
and generated apprehension about recreation on the lake. Vermont public
health officials turned to scientists at the University of Vermont’s School of
Natural Resources (“UVM,” now the Rubenstein School of Environment
and Natural Resources) and the SUNY College of Environmental Science
and Forestry (“SUNY-CESF”) for assistance developing a response to that
first bloom.

Little was known about cyanobacteria populations on Lake Champlain
at that time and even less about their toxins. Resources in the Champlain
Basin were, however, uniquely poised to respond. The Lake Champlain
Basin Program (“LCBP”’) had funded a water quality monitoring program at
more than a dozen sites around the lake since 1992 to support development
and implementation of the Champlain TMDL.® UVM had the technical
expertise in phytoplankton identification. With financial backing from the
LCBP and support from DEC field staff, UVM developed and implemented
a monitoring program within two years.*® In 2003, a local NGO, the Lake
Champlain Committee (“LCC”), joined the partnership, recruiting the first
citizen volunteers to assist with monitoring.87 UVM, LCC volunteers, and
DEC field staff collected weekly samples and assessed bloom severity.
Data from the program were shared with state and local health officials
through weekly email summaries, individual alerts, and annual reports.

The earlier years of the program focused on developing protocols using
cell counts and toxin analyses. Selected stations were monitored at weekly
intervals and response actions were triggered when cell counts and/or

82. Id.

83. 1d.

84. Gregory L. Boyer et al., The Occurrence of Cyanobacterial Toxins in Lake Champlain,
in LAKE CHAMPLAIN: PARTNERSHIP AND RESEARCH IN THE NEW MILLENNIUM 241, 255 (T. Manley et
al. eds., 2004).

85. Monitoring Programs, LAKE CHAMPLAIN BASIN PROGRAM,
http://www.lcbp.org/water-environment/data-monitoring/monitoring-programs/ (last visited Apr. 10,
2016).

86. Author’s personal knowledge.

87. Monitoring Programs, supra note 85.
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microcystin concentrations exceeded threshold levels.*® Budget and time
constraints limited the number of stations monitored, but the data
distributed through the email list and alert notifications provided valuable
information for other locations around the lake.* UVM also offered
training and guidance materials about cyanobacteria to drinking water
operators and public beach managers.

As the monitoring program matured and awareness of the health
concerns associated with cyanobacteria increased around the basin, a visual
protocol” was developed in 2012 to complement the quantitative protocols
and provide a mechanism for the general public to evaluate conditions
whenever they were on the water.”’ With assistance from volunteers
recruited and trained by LCC, the Champlain cyanobacteria monitoring
program now monitors more than eighty sites around the lake annually,
using both qualitative and quantitative protocols.”

The monitoring data show that cyanobacteria are present throughout the
lake each summer, typically appearing in mid- to late June and persisting
through October in some locations. Several potentially toxic taxa are
present during much of the summer, most commonly Anabaena,
Microcystis, and Aphanizomenon. In much of the lake, these taxa rarely
reach levels of concern and blooms are also rare. In the northern shallow
bays and shoreline locations, however, blooms are frequent and often
contain microcystin. On occasion, concentrations exceed guidelines
established by the jurisdictional authority.

Monitoring also documents the rapid appearance and disappearance of
blooms. Many cyanobacteria have the ability to regulate their buoyancy in
response to environmental conditions, primarily light to support
photosynthesis. On calm, sunny days, or in protected locations,
cyanobacteria can rise to the surface and accumulate there in a matter of
hours. These are small organisms, however, and no match for water
currents. With a change in wind direction or wave strength, they can be
mixed back into the water column in a matter of minutes. As a result,

88. Mary C. Watzin et al., Application of the WHO Alert Level Framework to
Cyanobacterial Monitoring of Lake Champlain, Vermont, 21 ENVTL. TOXICOLOGY 278, 279 (2006).

89. 1d. at 280.

90. The Lake Champlain Committee’s current volunteer materials can be viewed at Blue-
Green Algae Monitor, LAKE CHAMPLAIN COMM., http://www.lakechamplaincommittee.org/get-
involved/volunteers/bgamonitors/ (last visited Mar. 30, 2016).

91. ANGELA SHAMBAUGH ET AL., CYANOBACTERIA MONITORING ON LAKE CHAMPLAIN,
SUMMER 2012: FINAL REPORT FOR THE LAKE CHAMPLAIN BASIN PROGRAM (2013),
https://anrweb.vt.gov/PubDocs/DEC/WSMD/lakes/docs/lp_Cyanobacteria2012.pdf.

92. SHAMBAUGH, supra note 14, at 2.
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conditions at monitored locations frequently change, making
communication about the location and extent of blooms difficult.

The intensity, composition, and location of blooms vary annually.®”
Cyanobacteria proliferate each summer in nutrient-rich St. Albans and
Missisquoi Bays, but annual median cell density range widely at long-term
monitoring sites.”* The worst conditions are typically observed in late
summer and blooms in these bays can persist for weeks.” Cyanobacteria
are also common in the nutrient-rich South Lake, but blooms are rarely
reported from that area.”® Blooms do occur periodically on the Main Lake
and can affect large areas under the right environmental conditions.”” In
contrast to the northern bays, blooms on the Main Lake occur primarily in
early summer and typically disappear within a few days.”® Consistently
around the lake, the most intense blooms and highest cell densities occur
along shorelines and in protected downwind bays.”

Toxin analyses detect the presence of microcystin at multiple locations
in Missisquoi Bay each summer. '’ Microcystin is documented less
frequently on St. Albans Bay and rarely in the Main Lake. '
Concentrations vary greatly between locations and among years. Highest
concentrations of microcystin are typically on Missisquoi Bay.'"> Anatoxin
is detected infrequently.'” Periodic testing has not detected the presence of
any other cyanotoxins to date.

Data from stations that have been monitored consistently since 2003,
when the program began, indicate that overall cyanobacteria conditions
were worse prior to 2007 on Missisquoi and St. Albans Bays.'"* Median
cell densities since 2007 have decreased and some locations have also
experienced a decrease in the number of blooms observed during the
summer.'” Changes in the monitoring program and the influence of local

93. See id. at 3940 (depicting the mean density of cyanobacteria in Missisquoi and St.
Albans Bay from 2003 to 2014).

94. Id. at41.

95. Cyanobacteria in Vermont: What Causes Blooms and Scums?, VT. DEP’T OF ENVTL.
CONSERVATION,
http://www.watershedmanagement.vt.gov/lakes/htm/lp_cyano what causes blooms.htm (last visited

Apr. 8,2016).
96. Id. at 19.
97. LAKE CHAMPLAIN BASIN PROGRAM, supra note 65, at 2.
98. Cyanobacteria in Vermont: What Causes Blooms and Scums?, supra note 95.
99. LAKE CHAMPLAIN BASIN PROGRAM, supra note 65, at 13.
100. SHAMBAUGH, supra note 14, at 18—19.
101. Id. at14.
102.  Id. at 13.
103. Id. at2.
104. Id. at4l.

105. Id.
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environmental conditions on bloom formation make it difficult to identify
trends in more recent years.

Since 2012, when the visual protocol was developed, more than ninety
percent of the reports submitted each summer document good conditions on
Lake Champlain (Figure 1). Blooms continue to be reported each year from
locations around the lake, however, and public outreach remains a key
component of the monitoring effort. In addition to the weekly updates to
public health officials and drinking water suppliers, a tracking map has
been developed by the Vermont Department of Health which provides
updates to the general public in near real-time.' Though water conditions
can change rapidly at a given location, the qualitative observations and
quantitative data collected by the monitoring program provide a common
and consistent source of information to support public health officials and
inform the general public about lake conditions.

Figure 1. Cyanobacteria status reports Lake Champlain by category, percent
of total reports received. Records prior to 2012 were determined using
historical cell count and toxin data. Beginning in 2012, summaries include
records obtained using the visual assessment protocol. The status generated
by the visual assessment protocol is used at locations where both types of
assessment were employed. Supplemental reports are included. From
Shambaugh et al. supra note 14.

106. Vermont  Blue Green  Algae Tracker, VT. OF DEP'T HEALTH,
https://apps.health.vermont.gov/gis/vttracking/bluegreenalgae/d/ (last visited Apr. 6, 2016).
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The use of a qualitative visual system in conjunction with a traditional
quantitative monitoring program has enabled the Lake Champlain
cyanobacteria monitoring program to cover a much larger geographic area
than was possible for the qualitative program alone. In 2015, the program
received more than one hundred reports each week during July.'”” With
support from the VDH, volunteer monitoring expanded to two additional
Vermont lakes and more than ninety percent of the reports during the
summer were provided by LCC volunteers. '™ This very successful
partnership between state agencies, local NGOs, and citizen volunteers has
increased awareness of the potential health concerns associated with
cyanobacteria and understanding of the environmental conditions that
support their growth.

VI. REDUCING THE OCCURRENCE OF BLOOMS ON LAKE CHAMPLAIN AND
OTHER VERMONT WATERS

Phytoplankton are integral to aquatic ecosystems from Lake Champlain
to small ponds. Human activities on the land have increased the rate at
which nutrients are deposited in lakes, thereby increasing the growth
potential of phytoplankton. Blooms—rapid and dense growth by a single
class of phytoplankton—are a natural response to abundant nutrients and a
specific set of environmental conditions. Lake Champlain and other
Vermont waters experience annual blooms of diatoms, green algae, and
cyanobacteria. Blooms of cyanobacteria, however, pose a human health risk
and may have direct impacts on drinking water production and recreational
activities.

Reduction of blooms is accomplished by eliminating the environmental
conditions allowing a particular group of phytoplankton to outcompete
other groups for common resources. Cyanobacteria gain competitive
advantage through their ability to regulate buoyancy, tolerate the high light
intensity and conditions present at the water surface, and circumvent
nitrogen limitation in phosphorus-rich environments. Management options
to eliminate the competitive advantage conferred by buoyancy and
adaptation to life at the water surface are limited for a waterbody the size of
Lake Champlain. Such options also do not address the underlying causes of
cyanobacteria dominance—the essentially unlimited availability of the key

107.  See Vermont Blue-Green Algae (Cyanobacteria) Tracker, VT. DEP’T OF HEALTH (June-
Oct. 2015), https://apps.health.vermont.gov/gis/vttracking/BlueGreenAlgae/2015Summary/ (download
the 2015 summary data to see each individual report).

108. Id.
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growth-limiting nutrient phosphorus and the increasing availability of
nitrogen.

Decreasing the amount of phosphorus reaching Lake Champlain and
other surface waters in the basin will limit the amount of overall biomass
that can be produced by cyanobacteria and other phytoplankton. Increasing
recognition of the role of nitrogen in promoting cyanobacteria growth and
toxicity suggests that adoption of a dual-nutrient strategy may be
necessary.'” Elimination of cyanobacteria from Vermont’s water is not
possible, nor is it prudent given the important ecological roles these
organisms have in the environment. Reducing the flow of nutrients into
surface waters through the management approaches outlined in the Lake
Champlain TMDL and the Vermont Clean Water Act will reduce the
competitive edge cyanobacteria have, increase the diversity of
phytoplankton communities, and reduce the risk of exposure to
cyanobacterial toxins.

Future lake management will need to consider the impacts of climate
change on cyanobacteria growth.''’ Under current climate change scenarios,
increased water temperatures and longer growing seasons are expected,
conditions which are likely to enhance cyanobacteria growth in Lake
Champlain.'"" Stormwater inputs to surface water, with their high nutrient
load, are expected to increase with more intensive rainfall events. Longer
dry periods may lead to increased evaporation, resulting in concentration of
nutrients within waterbodies. Reduction of nutrients is a key strategy to
increase resiliency and protect Vermont’s surface waters for changes, which
may lie ahead.

109. EPA ANATOXIN-A EFFECTS, supra note 22, at 6—7.

110.  C. Gombault, /mpacts of Climate Change on Nutrient Losses from the Pike River
Watershed of Southern Quebec, 95 CAN. J. SOIL SCI. 337, 339 (2015); see generally Hans W. Paerl &
Valerie J. Paul, Climate Change: Links To Global Expansion of Harmful Cyanobacteria, 47 WATER
RES. 1,349 (explaining how the global expansion of harmful bacteria is linked to climate change).

111. See J. CURT STAGER & MARY THILL, CLIMATE CHANGE IN THE CHAMPLAIN BASIN:
WHAT NATURAL RESOURCE MANAGERS CAN EXPECT AND Do 17, 19 (2010),
http://www.nature.org/ourinitiatives/regions/northamerica/unitedstates/vermont/what-we-do/champlain-
climate-report-5-2010-2.pdf.
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INTRODUCTION

Like all large, freshwater lake systems situated within a populated
region, the Lake Champlain Basin (“LCB”) is a decidedly “social
ecological system,” meaning that human activity has altered the ecosystem
through human land use decisions, development patterns, infrastructure,
and water management practices to the extent that we may no longer
consider ecosystems as divorced from human influence and impact.

Likewise, as paleoclimatological studies have shown, the Earth’s
climate (heating and cooling cycles, precipitation patterns, and extreme

1. This document was developed by support provided by Vermont EPSCoR with funds
from the National Science Foundation Grant EPS-1101317. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the authors and do not necessarily reflect the
views of the National Science Foundation, VT EPSCoR, or the University of Vermont.
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weather events) has directly shaped landscapes and ecosystems and often
dictated societies’ land use and land management decisions.” As the climate
changes, it has been the case that landscapes, ecosystems, and human
actions are intertwined and adapt in response to one another.

By viewing the LCB as a social ecological system that is adapting in
response to climate change, watershed planners can better anticipate the
region’s water quality challenges. Without managing this adaptation,
acceleration in the decline of water quality in the LCB is likely. This article
draws on the transdisciplinary research project undertaken by a team of
Vermont scientists and students to study and model aspects of the LCB as a
complex adaptive system comprising climatological, terrestrial, aquatic, and
human components (including public and private social behaviors, land use
decisions, and policy and governance responses to water quality needs). We
will highlight the activities and some of the preliminary results to emerge
from the early stages of the National Science Foundation funded Research
on Adaptation to Climate Change (“RACC”) project. With a goal to inform
the “adaptive management” of the LCB’s watersheds, we will also discuss
implications of the RACC project for addressing critical policy challenges
facing the region.

L WHY THINK OF THE LAKE CHAMPLAIN BASIN AS
A COMPLEX SOCIAL ECOLOGICAL SYSTEM?

Lake Champlain is the largest lake in the northeastern United States
after the Great Lakes. It lies between the states of Vermont and New York
and the province of Quebec, Canada to the north. It is 170 km long and at
its broadest point it is 20 km wide. It has a maximum depth of 122 m, a
mean depth of 23 m, and considerable variation in trophic status and
morphology across its extent. The LCB, shared by Vermont, New York,
and Quebec, has a land to water ratio of almost 19:1, making water quality
in the lake intimately tied to activities on the land.

Some shallow embayments of Lake Champlain, like many freshwater
ecosystems around the world, have experienced rapid eutrophication;
phosphorus control is a major focus of management with concentrations
ranging from 10 pg/L (micrograms per liter or parts per billion) in
Burlington Bay to 100 pg/L in Missiquoi Bay. Because municipal point-
source treatment has been upgraded throughout the basin, almost 90% of
the current phosphorus load is nonpoint source. In Section 303(d) of the

2. See generally BRIAN FAGAN, THE LONG SUMMER: HOW CLIMATE CHANGED
CIVILIZATION (2004) (arguing that changes in climate have shaped societies throughout history).
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Clean Water Act, the United States Environmental Protection Agency
(“EPA”) requires all states to identify waters that are “impaired”—that is,
which do not meet the state water quality standards.’ Once identified, states
must analyze and set Total Maximum Daily Load (“TMDL”) targets for
each pollutant to the water body.

As noted elsewhere in this volume, the State of Vermont has worked to
develop a comprehensive TMDL plan for the LCB. Over the last fifteen
years, multi-million dollar investments have been made to improve water
quality in Lake Champlain and eliminate the algal blooms that impact
human and animal health and deter tourists. However, despite the best
efforts of many agencies and individuals, these water quality goals have not
been achieved in most segments of Lake Champlain, as phosphorus
concentrations are either increasing or remaining relatively constant, even
with significant implementation of and resource allocation toward
phosphorus loading reduction schemes across portions of the LCB.*

The LCB is a social-ecological system, composed of both biophysical
and social components in which human-derived institutional infrastructure
(mixed public and private sector governance arrangements), built
infrastructure (road, bridges, treatment of storm, drinking, and wastewater),
and economic systems (markets) have inserted themselves into the dynamic
structures of biophysical systems to “the extent that the latter have, in the
true sense of the word, become socio-ecological.” > Humans have
“homogenized parts of their environment in order to bring [biophysical]
dynamics under control,” as in the cultivation of land for food production,
river corridor management practices, timber harvesting, development of
impervious surface, and more. According to Oren Young et al., the survival
of social ecological-systems becomes increasingly “dependent on the
resilience of their social dynamics in contrast to their purely biophysical
dynamics.”® In other words, the future of social ecological systems is
deeply impacted by the decisions that humans make. Human actors living
on Vermont’s landscape have, for many generations, indelibly altered the
landscape and, therefore, Lake Champlain itself. The accumulation of
centuries of land use has contributed to the current water quality challenges
faced within the LCB.

From the 1700s to the early 1800s, almost eighty percent of the land in

3. 33 U.S.C. §1313(a) (2012).
4. LAKE CHAMPLAIN BASIN PROGRAM, 2015 STATE OF THE LAKE AND ECOSYSTEM
INDICATORS ~ REPORT 6, 11  (2015), http://sol.lcbp.org/images/State-of-the-Lake 2015.pdf

[https: //perma cc/R7WD-WAIG] [hereinafter STATE OF THE LAKE].
Oran R. Young et al., The Globalization of Socio-Ecological Systems: An Agenda for
Sclentlfc Research. 16 GLOBAL ENVTL CHANGE 304, 306.
6. Id.
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what is now the State of Vermont was cleared for agriculture and pasture,
leading to a huge increase in sediment inputs to streams and rivers. These
trends have resulted in a legacy of increased sediment that resides today in
terraces and deltas throughout Vermont watersheds and associated
receiving lake and pond sedimentary deposits. During and after the Great
Depression, some Vermonters abandoned their farmland to head west and
much of the landscape reverted to early successional forest. Today, the land
in the LCB is about sixty-five percent forested, with the remaining land
primarily in dairy-related agriculture (cow herds and corn and hay rotation)
and growing residential and commercial development.’

One of the major consequences of human action upon the landscape is
the production of nonpoint source pollution and transport of excessive
nutrient (e.g., phosphorus and nitrogen) loadings to receiving waters. As
has been discussed extensively in this volume, the consequences of
excessive nutrient loading include the potential for eutrophication of
freshwater lakes like Lake Champlain. The sources of nutrient loading have
been well documented in studies of the region® and include stormwater
runoff from developed land where impervious surfaces and spread of
fertilizers on lawns, institutional and commercial property, and recreational
green spaces contribute to phosphorus and nitrogen loading into local
receiving water bodies. Streambank erosion, logging activities, roadway
runoff, and wastewater treamtment accounts for other sources of nutrient
loading. Agricultural land use practices combined with poor nutrient
management practices, such as excessive fertilizer application, often
contribute to a substantial portion of the nutrient loading in certain regions.
The sheer number and variation of nonpoint sources pose serious challenges
to those concerned about water quality.

In the parlance of planning and complexity science, nonpoint source
water pollution is a “wicked problem” because of the complex interactions
of social, ecological, and climatological factors that contribute to the
problem. With such a wide range of sources and complicated consequences,
the framing of nonpoint source pollution as a problem involving many
different social actors contributes to competing views around the definition
of the problem (e.g., the sources) and mitigation strategies, giving rise to a
range of policy preferences and strategies considered.” Competing views on

7. AUSTIN TROY ET AL., UPDATING THE LAKE CHAMPLAIN BASIN LAND USE DATA TO
IMPROVE PREDICTION OF PHOSPHORUS LOADING 18 (2007),
https://www.uvm.edu/giee/pubpdfs/Troy_2007_Lake Champlain Basin_Program.pdf
[https://perma.cc/U7M4-2AKP].

8. See STATE OF THE LAKE, supra note 4, at 8—10 (describing the various sources of
nutrient loading into Lake Champlain).

9. JOHN W. KINGDON, AGENDAS, ALTERNATIVES, AND PUBLIC POLICIES (1984).
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both the nature of problems and intended solutions often lead to “trade-off”
or zero-sum considerations. These trade-offs are often framed as being
between environmental and economic considerations, pitting costs of
managing nonpoint pollution by government institutions, private land
owners, businesses, and taxpayers against the anticipated environmental
and social benefits of alleviating the problem through specific investments
of political and financial capital.

The critical question driving the wickedness of nonpoint pollution is
“Who is responsible for causing it?” By definition, nonpoint pollution
sources are “nonpoint” because the pollution does not flow from a pipe or
other similarly specific, non-distributed source. Monitoring and modeling at
the appropriate watershed- and basin-wide scales can, in fact, generate
fairly effective estimates of the general sources of nonpoint pollution. But
attempting to pin-point specific sources leads to high levels of uncertainty
that constrain planning horizons, assignment of accountability, and the
political willingness to regulate land use decisions. The use of water sensors
and advanced isotopic tracing may possibly play a role in narrowing down
the exact sources of nonpoint pollution, but this capacity is still likely a
ways off.

To add complication, the impacts of nonpoint pollution are likely
driven by significant time lags and legacies of sediment that persist across
the system.'’ It may take years and even decades for the cumulative impacts
of nonpoint pollution to take effect and manifest as algal blooms in the
region’s bays.

Adding to the challenge of managing nonpoint pollution is anticipating
the impact that climate change may have on adding to the intractability of
the problems. RACC research is suggesting that increased temperatures and
persistent storm events in northeastern U.S."' caused by climate change will
likely contribute to the exacerbation of algal blooms.'> The climate of the
Lake Champlain Basin has warmed by 2.1°F since 1976; precipitation has
increased by 3 inches over 8 decades; ice rarely covers the main lake
anymore and the “freeze up” is delayed 2 weeks compared to the late

10. See Peter D.F. Isles et al., Dynamic Internal Drivers of a Historically Severe
Cyanobacteria Bloom in Lake Champlain Revealed Through Comprehensive Monitoring, 41 J. OF
GREAT LAKES RES. 818, 828 (2015) (concluding that historical loading is a key factor responsible for
eutrophic conditions).

11. Justin Guilbert et al., Impacts of Projected Climate Change over the Lake Champlain
Basin in Vermont, 53 J. APPLIED METEOROLOGY & CLIMATOLOGY 1861 (2014).
12. Asim Zia et al., Climate and Land Use Change Induced Transformations Across a

River-Lake Continuum: Insights from an Integrated Assessment Model of Lake Champlain’s Missisquoi
Bay, 2000-2040, 3 (2015) (unpublished manuscript) (submitted to Environmental Research Letters and
on file with Vermont Journal of Environmental Law).
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1800s; and precipitation is increasingly in the form of rain delivered
through extreme weather events.”’ The snow pack in the watershed and ice
cover on rivers and lakes has similarly changed." The results of RACC
statistical climate downscaling modeling " anticipates further warming,
rising surface water temperatures, more rain, and severe weather through
the rest of the century, even in the event that greenhouse gas emissions are
reduced.

A recent Intergovernmental Panel on Climate Change (“IPCC”) report
highlights the necessity of an integrated adaptive management approach to
risk and resilience.'® The recent National Climate Assessment echoed the
grand challenge of resilience to extreme events induced by climate change:
“Climate change, combined with other stressors, is overwhelming the
capacity of ecosystems to buffer the impacts from extreme events.”'’
“Increasing resilience and enhancing adaptive capacity provide
opportunities to strengthen water resources management and plan for
climate change impacts.”"®

The impacts of climate change on water quality and the resultant
tangible environmental consequences for nonpoint pollution likely hinges
on the choices land users and owners make regarding land use management
and land cover decisions (e.g., cutting forests to develop crops,
implementation of soil management approaches, utilization of cropping
techniques, investments in stormwater infrastructure, etc.). Given the large
role that human agency brings to land use decision making, perhaps the
most critical questions for water planners concern the persistent
jurisdictional knots that compound the problem. Persistent questions are
asked but rarely resolved, at least to the satisfaction of key stakeholders.
These questions include: “Who is responsible for addressing the causes of
nonpoint pollution?”; “How do we balance individual and collective
property rights?”; “What are the appropriate intergovernmental
programmatic and governance designs that can facilitate a transition from a
culture of nutrient waste management to sustainability and resilience?”’; and

13. Guilbert et al., supra note 11.

14. I1d.

15. Id.

16. CLIMATE CHANGE 2007: IMPACTS, ADAPTATION AND VULNERABILITY (Martin Parry et
al. eds.,2007)

17. PETER M. G. CHAPTER 8: ECOSYSTEMS, BIODIVERSITY, AND ECOSYSTEM SERVICES

196, 217 (2014), http://nca2014.globalchange.gov/report/sectors/ecosystems [https://perma.cc/9YGJ-
N3E2] (click “Download” in the top corner of the page to download a static PDF of the report chapter).

18. ARIS GEORGAKAKOS ET AL., CLIMATE CHANGE IMPACTS IN THE UNITED STATES:
CHAPTER 3: WATER RESOURCES 70 (2014), http://nca2014.globalchange.gov/report/sectors/water
[https://perma.cc/MDE6-BJKQ] (click “Download” in the top corner of the page to download a static
PDF of the report chapter).
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“What are the ideal strategies to incentivize and shape sound water quality-
friendly land use, development, infrastructure, and related decisions?”

The conclusion to draw from this description of the causes and
consequences of nonpoint pollution within social-ecological systems like
the LCB is that we are dealing with a complex and adaptive system.
Wicked problems like those stemming from nonpoint pollution require
systems-level views of the relationship between the terrestrial, aquatic,
climatological, and social aspects of the system.

A recent National Science Foundation (“NSF”) solicitation describes a
complex system as one in which individual organisms (or agents) can
respond and adapt to changes in their environment, self-organize, and
spontaneously reorganize in response to changing conditions. Despite the
diverse nature of complexity in physical, biological, social, and engineered
systems, there are universal principles, process abstractions, and systems-
thinking methodologies that unify the study of complex systems.' The
essential properties of complex systems (e.g., emergence, scaling
phenomena and mechanisms, robustness, adaptability, collective dynamics,
complex network characteristics, tipping points and phase transitions,
alternate stable states, and selection to the edge-of-chaos) may be studied,
modeled, and understood using complex adaptive systems approaches.

The rise of computational power allows us to capture and advance our
theories and methods for studying and understanding the relationships
between surface water flow and land use, societal governance arrangements
and the public policies they create and implement. This understanding can
then be extended to policy makers and planners through an ‘“adaptive
management” approach.

Adaptive management is a systematic process for improving
management policies and practices by learning from the outcomes of
management strategies implemented using a systems-level focus.?’ The
ideal of adaptive management is to use the tools and findings from the
natural and social sciences to inform long-term strategic planning and
decision making.

RACC was designed to inform the adaptive management of the LCB.
In the next section we provide a basic conceptual architecture used by
RACC to describe the LCB as a complex adaptive system and consider

19. See generally JOHN H. MILLER & SCOTT E. PAGE, COMPLEX ADAPTIVE SYSTEMS: AN
INTRODUCTION TO COMPUTATIONAL MODELS OF SOCIAL LIFE (2007) (exploring various methods of
modeling complex systems).

20. Claudia Pahl-Wostl, The Importance of Social Learning in Restoring the
Multifunctionality  of  Rivers and  Floodplains, 11 EcoLOGY & SocC’y (2006),
http://www.ecologyandsociety.org/voll 1/iss1/art10/ [https://perma.cc/X6FH-QSLS].
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some ways that systems-level perspectives can be generated for policy
makers and other stakeholders.

I1. How CLIMATE CHANGE, HYDROLOGICAL SYSTEMS, TERRESTRIAL
SYSTEMS HUMAN BEHAVIOR, LAND USE PATTERNS, AND POLICY
DECISIONS AND TOOLS ARE CONCEIVED IN RACC

In 2012, the Vermont Experimental Program to Stimulate Competitive
Research (“VT EPSCoR”) applied for and obtained a multi-million dollar
grant from NSF to undertake a transdisciplinary research project designed
to study, model, and help inform solutions to nonpoint source pollution in
the Vermont portion of the LCB, with a deeper focus on the Missisquoi and
Winooski watersheds. Through RACC, VT EPSCoR has built critical
laboratory facilities’' and environmental observatory networks for the Lake
and its watersheds, created transdisciplinary research teams that integrate
complex systems modeling across all research spheres, and drawn
investigators together from many Vermont institutions and the private
sector. Through RACC, transdisciplinary teams of social and natural
scientists from the University of Vermont, Middlebury College, St.
Michael’s College, and Johnson State College collaborated to address
fundamental, hypothesis-driven research questions: How will the
interactions of climate change and land use alter hydrological processes and
nutrient transport from the landscape, internal processing, and eutrophic
state within the lake, and what are the implications for adaptive
management strategies?

To provide an overview of the major sub-questions guiding the RACC
project, we provide some detail of the major themes and areas of work
undertaken to address them. The Question 1 or “Q1” team is organized
around studying the in-lake processes impacting lake eutrophication. The
Question 2 or “Q2” team is organized around studying the to-lake process
unfolding at the interface between the terrestrial and aquatic systems. The
Question 3 or “Q3” team is focused on the social, policy, and governance
processes in place that impact land use and land management decisions and
practices. The models developed by the three question teams are linked
together through an integrated assessment model (“IAM”). Members of all
three teams participate in the planning, design, and use of the IAM to
generate basic and applied science findings. Recognizing that climate
change has already impacted the LCB social-ecological system, another

21. For example, one such lab is Social Ecological Gaming and Simulation Lab. SEGS
Mission, SEGS LAB, http://www.uvm.edu/~segs/segs_mission [https://perma.cc/NU39-V4RG] (last
visited July 23, 2016).
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team of researchers has downscaled climate model output for the LCB. A
brief overview of the RACC scope of work and major sub-questions is
provided.

A. Monitoring and Modeling the Interaction Between In-Lake Processes

RACC Question 1: What is the relative importance of endogenous in-lake
processes (e.g. internal loading, ice cover, hydrodynamics) versus
exogenous to-lake processes (e.g. land use change, snow/rain timing, storm
frequency and intensity, land management) to lake eutrophication and algal
blooms?

The in-lake, Q1 team focuses on advanced biogeochemical and
hydrodynamic monitoring and modeling of Missisquoi Bay and its
watershed to address Question 1 and contribute to addressing the
overarching RACC research question. The basic premise driving the in-lake
research is that the historical loading of nutrients (primarily phosphorus
from the Missisquoi River) has ultimately driven the Bay to a eutrophic
state, allowing harmful algal blooms occur on a regular basis in the
summer; yet, it is unclear to what extent the severity of the blooms is driven
by watershed or internal lake processes. Furthermore, it is unknown how
both internal and external drivers of nutrient loading and associated harmful
algal blooms will evolve under changing climate and land use-management
scenarios projected/envisioned for the LCB and how this will be manifest in
lake water quality and algal bloom dynamics. To accomplish our research
aims, we developed a process-based biogeochemical and hydrodynamic
model that can be embedded in the larger integrated assessment model that
in turn will simulate watershed, land use, and governance dynamics across
the basin, allowing us to project the impact of both climate change and
adaptive management over time on Missisquoi Bay water quality and algal
dynamics.** To achieve this aim, the QI team developed an advanced

22. To be able to answer Question 1 and develop a model that accurately simulates the
drivers of water quality and algal blooms, it is essential to have enough data over time and space that
spans critical variables or parameters that drive the system. To accomplish this, Q1 researchers deployed
sensors and automated water sample collection units in both Missisquoi Bay and its watershed that were
coupled with manual sampling campaigns. In the bay, sensors were deployed to study its physics,
chemistry, and ecology at relatively high frequency—a measurement is taken every half hour or hour
depending on the sensor. Physical sensors measured water movement (velocity and direction), sediment
transport, water temperature and level, and wave height and period. These sensors were distributed
across the bay so that we could understand how water and sediment move within the bay. Additionally,
sensors were used to monitor the weather affecting the bay with measurements such as wind speed,
orientation, air temperature, and relative humidity. At one location in the bay, selected by the team
because it was representative of the average depth of the bay and was in a region where algal blooms
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monitoring observatory to collect high frequency environmental monitoring
data in both the watershed and the bay. These data are then used to develop
an advanced physical-ecological-biogeochemical process-based model of
Missisquoi Bay to quantify, analyze, and understand the drivers of nutrient
and bloom dynamics in the current system, which can be embedded in the
larger IAM. This model can then be used in conjunction with other model
components outlined in additional sections of this article to address our
hypotheses related to existing lake drivers of blooms and water quality and
also likely impacts of climate change and opportunities for adaptive
management that may suppress nutrient loading and bloom activity in the
face of climate change.

Missisquoi Bay is an ideal site to study the relationship between
internal and external drivers of nutrient loading and algal blooms. The large
(1000 km?) watershed is heavily impacted by nonpoint source pollution of
phosphorus and nitrate, the excessive loading of which have caused
eutrophication in this system. Indeed, analysis of sediment cores collected
in this bay confirm that the onset of eutrophication in the bay coincides

were frequently observed, the team deployed a biogeochemical monitoring platform. Once an hour, a
sensor moved vertically through the water column profile on a winch collecting data every half meter.
This sensor unit measures pH, dissolved oxygen, chlorophyll, phycocyanin (a pigment associated with
cyanobacteria), temperature, conductivity, and turbidity. These sensors are very useful for studying how
the system behaves over various timescales (daily to seasonal cycles) and in response to important
disturbances such as storms when manually sampling at the required frequency would be difficult due to
their sporadic nature and potentially dangerous conditions. In addition to the sensors, three systems that
automatically collected water samples from the platform at different depths every eight hours were
deployed. Those samples were collected to measure nutrient concentrations in the bay at much higher
frequency than we could manually conduct within our financial and personnel resources constraints, but
likely critical to understanding and modeling nutrient dynamics in the bay. Once a week, researchers
would visit the biogeochemical monitoring station and collect additional samples that were more
sensitive with respect to time of collection and subsequent analyses (e.g., soluble reactive phosphorus,
dissolved metals, and nitrogen species). Additionally, sediment cores would be collected each week so
that we could monitor the chemical composition of the sediment and how it changed over time in
response to varying conditions in the water column. In the winter, the hydrodynamic sensors remained
under the ice whereas the biogeochemical platform needed to be removed, but sporadic under-ice grab
sampling of water and sediment was conducted. This effort was critical because remarkably little is
known about under-ice hydrodynamics and biogeochemistry, yet one of the most obvious harbingers of
recent global climate change has been a decrease in the occurrence and duration of ice cover across high
latitude lakes. Q1’s watershed sampling focused on four sites within the Missisquoi River watershed
where automated water sampling systems were deployed to quantify nutrient and sediment loading
during storm events. Those efforts were supplemented with additional grab sampling to characterize
baseflow and spring melt when the automatic systems were not functioning. The deployment of these
monitoring networks allowed us to capture variability in internal and external processes across inter-
annual, seasonal, episodic, and even sub-daily timescales. These robust and holistic time series data has
enabled the research team to make both significant advances in our understanding of the basic processes
in the watershed and lake that impact water quality and algal bloom development and also provide the
requisite database to develop a robust model to simulate the Missisquoi Bay system and embed in the
RACC IAM. The QI team has deployed an array of water sensors (provide details) and analyzed the life
cycle of the alga; blooms in Missisquoi Bay.
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with excessive nutrient loading in the Missisquoi Basin during the second
half of twentieth century. Furthermore, the drivers of these nutrient loadings
from the river network to the bay have already been detected generally in a
trajectory that promotes more severe and continued nutrient loading.” For
example, more severe storms (such as Tropical Storm Irene in 2011)
promote erosion of the landscape and streambanks, which make them
disproportionately impactful on suspended sediment and associated
phosphorus loading to the lake. If storm frequency and severity continue to
increase in the northeast with climate change as projected,”* so will the
concentration of phosphorous in the lake and potentially the occurrence of
harmful algal blooms. Climate change and the landscape management
decisions to come will likely amplify the intensity of nutrient delivery to the
lake.”

The internal morphology and biogeochemistry of Missisquoi Bay are
also thought to strongly influence the nutrient loading and bloom dynamics.
Because the entire bay is relatively shallow and largely isolated from
mixing with the main lake, the chemical processes occurring at the interface
between the bay’s sediments and water interface (the lake bottom) heavily
impact water quality. In this case, the sediments of Missisquoi Bay serve as
a long-term repository for phosphorus-rich sediment (“legacy P”) derived
from many years of erosion in the Missisquoi Basin (nonpoint source
external loading of phosphorous). A large fraction of that legacy P is bound
to the surface of a particular suite of minerals— iron oxyhydroxides—that
are particularly sensitive to oxygen conditions in the water column.
Because Missisquoi Bay is so shallow (maximum depth five meters), if
conditions in the bottom of the Bay become conducive (low in oxygen) to
dissolving those iron minerals that bear much of the legacy phosphorus, that
phosphorus can be released and become accessible to algae populations that
also need to live near the surface of the lake to convert energy via
photosynthesis.”® This is an example of internal loading of phosphorous,

23. GUND INST. FOR ECOLOGICAL ECON. & UNIV. OF VT., VERMONT CLIMATE
ASSESSMENT: CONSIDERING VERMONT’S FUTURE IN A CHANGING CLIMATE 185 (Gillian L. Galford et
al. eds., 2014), http://dev.vtclimate.org/wp-content/uploads/2014/04/VCA2014 FullReport.pdf
[https://perma.cc/3ABR-HBYK]; Guilbert et al., supra note 11.

24, Guilbert et al., supra note 11.; JOHN WALSH ET AL., CLIMATE CHANGE IMPACTS IN THE
UNITED STATES: CHAPTER 2: OUR CHANGING CLIMATE 20 (2014),
http://nca2014.globalchange.gov/report/our-changing-climate/introduction [https://perma.cc/M2KS-
JVNB] (click “Download” in the top corner of the page to download a static PDF of the report chapter).

25. Sujay S. Kaushal et al., Land Use and Climate Variability Amplify Carbon, Nutrient,
and Contaminant Pulses: A Review with Management Implications, 50 J. AM. WATER RESOURCES
ASS’N 585, 588 (2014).

26. Isles et al., supra note 10, at 819, 825; Courtney D. Giles et al., The Mobility of
Phosphorus, Iron, and Manganese Through the Sediment—Water Continuum of a Shallow Eutrophic
Freshwater Lake Under Stratified and Mixed Water-Column Conditions, BIOGEOCHEMISTRY, 2015, at
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and for this to occur, environmental conditions need to be present that
would consume oxygen in the bottom water of Missisquoi Bay. These
conditions include a minimal water column (prolonged thermal
stratification), microorganisms that consume oxygen living in the sediment
and water, and the temperature of the water and sediment.

Of course all of these drivers of internal phosphorous loading may be
differentially impacted by climate change. For example, warmer
temperatures could promote more stratification of the water column, which
would increase internal loading of phosphorous, yet increased stormy
conditions could suppress internal phosphorous loading by mixing the
water column and keeping the bottom of the bay relatively well-oxygenated
and iron minerals from dissolving. As a result, it becomes apparent that
both extensive monitoring of internal and external processes and drivers
and sophisticated holistic modeling are necessary to understand and
quantify the relative importance of environmental dynamics that control
water quality and algal blooms in this system and, in turn, project how
climate change and management decisions will impact this complex system.

A number of other Ql-specific accomplishments have been derived
from both interpretations of our Missisquoi Bay/Basin monitoring effort,
and statistical modeling from the Vermont Department of Environmental
Conservation (“DEC”) long-term water quality monitoring dataset. For
example, Isles et al. demonstrate that our first year of monitoring, 2012,
was the strongest algal bloom on record for Missisquoi Bay, primarily due
to the particularly hot and dry conditions of that summer that promote
internal loading of phosphorous to feed the bloom.”’ Giles et al. established
a conceptual model of the hydrodynamic, biogeochemical, and ecological
drivers of internal phosphorous loading through analysis of both
hydrodynamic and biogeochemical data from Missisquoi Bay,
demonstrating how hydrodynamic conditions exert strong internal control
on water quality and algal bloom development in the bay.” Schroth et al.
established a framework for understanding the biogeochemical behavior of
phosphorus and metals underneath the ice and how this might impact
summer water quality and bloom dynamics, again relying on our
hydrodynamic and biogeochemical monitoring data. * Currently, QI
researchers are focused on interpretation of the drivers of the dramatic

16, http://link.springer.com/content/pdf/10.1007/s10533-015-0144-x [https://perma.cc/XYN5-UT4G].

27. Isles et al., supra note 10, at 821-22.
28. Giles et al., supra note 26.
29. Andrew W. Schroth et al., Dynamic Coupling of Iron, Manganese, and Phosphorus

Behavior in Water and Sediment of Shallow Ice-Covered Eutrophic Lakes, 49 Envtl. Sci. & Tech.. 9,758
(2015), http://pubs.acs.org/doi/pdf/10.1021/acs.est.5602057.
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inter-annual variability observed in water quality and bloom dynamics over
the 2012-2015 monitoring period, as understanding the drivers of inter-
annual variability is an essential, yet often overlooked, precursor to
projecting impacts of climate change on many systems.

Concurrently, Q1 researchers have also been mining the historical DEC
water quality dataset to learn more about the drivers of water quality across
the entire lake, essentially scaling up our focus through use of existing big
data. Xu et al. used those data to modify an existing EPA protocol for
assessing water quality—the trophic state index—so that it relied on more
powerful statistical analyses and took into account ecosystem specific
variability. *” Xu et al. used the same dataset and a similar statistical
approach for development of ecosystem specific targets for nutrients in
different lake segments.’’ Both of these approaches will be particularly
useful to Vermont water quality managers and policy makers and elsewhere
when monitoring water quality and trying to predict responses to
climate/policy/land use change. Isles et al., using the same dataset, detected
climate change impacts on nutrient ratios throughout Lake Champlain, and
used those data to develop a conceptual model on what is driving long-term
changes in nitrogen and phosphorus in the lake, and how different
components of climate change impact water quality in deep and shallow
segments of Lake Champlain.’”

Some major findings from the Q1 team include fresh insights into the
role that water column stability has on blue-green algae blooms and
particularly the roles that winds and turbidity caused by storm mixing play
in the process.” Additionally, the role that legacy P plays as a driver of
shallow bay blue-green algae blooms is being understood.”*

B. Modeling Terrestrial-Aquatic Systems as “To-Lake” Processes

RACC Question 2: Which alternative stable states can emerge in the
watershed and lake resulting from non-linear dynamics of climate drivers,
lake basin processes, social behavior, and policy decisions?

30. Yaoyang Xu et al., Quantile Regression Improves Models of Lake Eutrophication with
Implications for Ecosystem-Specific Management, 60 FRESHWATER BIOLOGY 1841 (2015).
31. See Yaoyang Xu, Andrew W. Schroth & Donna M. Rizzo, Developing a 21st Century

Framework for Lake-Specific Eutrophication Assessment Using Quantile Regression, 13 LIMNOLOGY &
OCEANOGRAPHY: METHODS 237 (2015) (using long-term water quality data to revise classic equations
of tropic state indices).

32. Isles et al., supra note 10.
33. See id. at 827 (describing the effects of storms on algal blooms in Missisquoi Bay).
34. See Courtney D. Giles et al., Characterization of Organic Phosphorus Form and

Bioavailability in Lake Sediments, 44 J. ENVTL. QUALITY 882 (2015) (studying the effects of nutrients
from sediment on eutrophic conditions in Missisquoi Bay).
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The Q2 to-lake team seeks to understand how changes in precipitation
form (rain versus snow), persistence, and intensity as well as other climate
variables interact with changing land use in the LCB watersheds to
transport sediment-bound phosphorus to the lake. In addition, the Q2 team
seeks to understand other physical impacts of climate change such as
changes to stream geomorphic condition and other factors driving stream
systems to disequilibrium. For the last two decades, there has been
increased water flow and nutrient and sediment loading to Lake
Champlain.* The human behavioral and policy-driven alterations to the
watershed in the form of agricultural practice, biofuels production
(including timber harvesting), and urbanization can amplify watershed
runoff response to precipitation events. Denuded and cultivated landscapes
will yield higher runoff, more landslides and, combined with increases in
extreme precipitation events from climate change, these changes will
impact stream flow regimes and associated sediment and nutrient transport.
Better understanding of the relationship between streambank characteristics
and sediment transport is being pursued by members of the Q2 team.’®
Tracer signature and isotopic tracing could support more “precise” policy
applications.’” With this research, it becomes possible to consider how
“regime shifts” occur when one type of stream morphology and flow
regime may radically switch, impacting infrastructure and ecological
services. Moreover, increased sediment loading into the lake could shade
the littoral zone, altering lake ecology by inhibiting sunlight. Also,
vegetation patchiness can change in the watershed based on human
behavioral, policy, and climate drivers, with several internal feedbacks. A
regime shift from non-patchy to patchy vegetation, or vice versa, can affect
productivity and erosion, with grazing, land clearing, fires, and droughts as
possible drivers.™

35. STATE OF THE LAKE, supra note 4, at 6, 10.

36. L. Borg et al, Streambank Stability Assessment Using in Situ Monitoring and
Computer Modeling (under review with Earth Surface Processes and Landforms) (on file with author);
S.D. Hamshaw et al., Quantifying Streambank Erosion: A Comparative Study Using an Unmanned
Aerial System (UAS) and a Terrestrial Laser Scanner (2016) (in progress) (on file with author).

37. See Kristen Underwood, Spatial Variation in Stream Power: Application of Neural
Kriging to Classify Erosional and Depositional Stream Reaches in a Globally-Conditioned Vermont
Headwater Catchment (forthcoming 2016) (using tracer signature and isotopic tracing) (visit
http://www.uvm.edu/~epscor/pdfFiles/2016_racc_retreat/15_Underwood%20RACC%20retreat%20Feb
6.pdf [https://perma.cc/3HKT-A8RG] for a PowerPoint presentation on the forthcoming paper).

38. See Ibrahim N. Mohammed et al., Univ. of Vt., Coupled Dynamic Modeling to Assess
Human Impact on Watershed Hydrology, Presentation at 2014 AGU Fall Meeting (Dec.15-19, 2014)
(discussing various models used to simulate the impacts of land use decisions and climate change on
Lake Champlain).
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Much of the Q2 research has been centered on characterizing the nature
of climatic changes in Vermont and the impacts on watershed hydrology.
This has involved climate model downscaling to a spatial resolution that is
consistent with the watershed models and as analysis of historical climate
data. Climate data are used to drive watershed models that simulate the
physical processes of water flowing over land, into the subsurface, and
through the channel network. The models are parameterized by numerous
soil, vegetation, and hydraulic field instruments.

The RACC project has performed necessary climate downscaling work
to link coarse-resolution climate model output to local-level impacts, such
as topographically-influenced precipitation and temperature changes. The
resulting dataset is a high-resolution time series of temperature and
precipitation that can be used to drive hydrology models. The RACC
project has also developed watershed models to simulate the impacts of
climate change on the Missisquoi and Winooski River basins, using the
downscaled climate time series as inputs. Land usage, which affects land
surface hydrology, changes in the model with changing management
practice, and the resulting output is stream discharge and sediment and
nutrient loading to the lake under various management and climate change
scenarios.

The major findings of the climate downscaling elements of RACC
include an increased likelihood of higher temperatures, particularly during
the winter months, and increases in the duration of precipitation events
during the spring melt-off season and shorter, but stronger precipitation
events toward the latter summer months.*® As a result of these changes, last
and first frosts dates are likely to continue to occur earlier and later in the
season, respectively. Ice cover on Lake Champlain and snow cover over the
entire region are also likely to be significantly less as the century proceeds.
The implications of these shifts for the nutrient loading challenges will be
addressed as the RACC project proceeds.

C. Human Decisions and Behavior on Land Use, Land Cover and Land
Management

RACC Question 3: In the face of uncertainties about alternate climate
change scenarios, how can science-based, adaptive management
interventions (e.g. regulation, incentives, treaties) be designed, valued and
implemented in the multi-jurisdictional LCB?

39. Justin Guilbert et al., Characterization of Increased Persistence and Intensity of
Precipitation in the Northeastern United States, 42 GEOPHYSICAL RES. LETTERS 1888 (2015).
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The Q3 social, policy, and governance team is interested in
understanding and modeling how human decision making and behaviors
impact nonpoint pollution and the roles that public policy and institutional
actors play in managing water quality for the LCB. The Q3 team views the
LCB through the lens of land use, policy-making, and resource allocation.
Human agents are studied and modeled at two levels: at the “ground” level
as landowners and land users,*” and at the institutional level as policy
makers, resource allocators, and regulators in intergovernmental relations
and governance networks.*' To model the behaviors and decision making of
land owners and users, an interactive land use transition agent based model
(“ILUTABM”) has been developed.*

Figure yy. below depicts current (2011) land cover using NLCD Land
Cover Classification categories, and several land cover scenarios (for
instance: pro-forest and pro-crop scenarios) extending into 2041 as
produced through the ILUTABM.

40. See generally Yushiou Tsai et al., An Interactive Land Use Transition Agent-Based
Model (ILUTABM): Endogenizing Human-Environment Interactions in the Western Missisquoi
Watershed, 49 LAND USE POL’Y 161 (2015) (studying human agents at the landowner level).

41. CHRIS KOLIBA ET AL., RESEARCH ON ADAPTATION TO CLIMATE CHANGE: 2013
WATER QUALITY SURVEY 2-3 (2014),
http://www.uvm.edu/~epscor/pdfFiles/documents/Vermont Water Quality Survey 2013 final.pdf
[https://perma.cc/3SKA-DDGY]; Asim Zia & Chris Koliba, The Emergence of Attractors Under Multi-
Level Institutional Designs: Agent-Based Modeling of Intergovernmental Decision Making for Funding
Transportation Projects, 30 Al & SocC’y 315, 315 (2013); Steve Scheinert et al., The Shape of
Watershed Governance: Locating the Boundaries of Multiplex Networks, 2 COMPLEXITY, GOVERNANCE
& NETWORKS 65 (2015).

42. Tsai et al., supra note 40, at 162; Asim Zia et al., Simulating Land-Use Land Cover
Change (LULCC) at Watershed Scales Under Heterogeneous Policy Designs: An Agent Based Model of
Missisquoi Watershed in the Lake Champlain Basin, 2000-2040, SwarmFest 2015 (July 2015)
(unpublished conference paper and presentation) (on file with author) [hereinafter SwarmFest]; see
Asim Zia et al., Experimental Simulations of Land-Use Land Cover Change (LULCC) Under
Heterogeneous Policy Regimes: An Agent-Based Model of Rural-Urban Forest Interface in the
Missisquoi Watershed of Lake Champlain Basin, 2000-2050, Conference on Complex Systems (2015)
(abstract available at http://www.ccs2015.org/tracks/complexity-in-infrastructure-planning-
environment/experimental-simulations-of-land-use-land-cover-change-lulcc-under-heterogeneous-
policy-regimes-an-agent-based-model-of-rural-urban-forest-interface-in-the-missisquoi-watershed-of-
lake-champlain-ba/ ) (on file with author) (using Agent-Based Model to simulate rural-urban-forest
interface).
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Figure yy. ILUTABM Simulated Land Use Scenarios (Figure
adopted from Zia et al.*

The ILUTABM includes the decision heuristics of simulated land
owners (for instance, the decision of whether to expand a farm into adjacent
forests). The model developed by Tsai et al. considers how the economic
conditions of farm operations impact land use patterns.** It also considers
how the enforcement of new and existing land use laws at multiple levels of
governance, such as Act 250 at the state level and zoning regulations at the
local town, level impact land use patterns.” We have found that both the
economic conditions of farms and the response of the farms to changing
ecosystem service gradients (e.g., changing soil productivity conditions) are
significant drivers of farmers’ decisions to expand or contract the size of
their farm operations.*® Conjoint analysis studies*’ found that the minimum
subsidy threshold that farmers are willing to accept for best management
practice (“BMP”) adoption is higher than currently being offered by Nature

43. SwarmFest, supra note 42; Zia et al., supra note 42.

44, Tsai et al., supra note 40, at 166.

45. SwarmFest, supra note 42; Zia et al., supra note 42.

46. See Tsai et al., supra note 40, at 167 (using financial status to predict the likelihood
that a farmer will expand operations); SwarmFest, supra note 42; Zia et al., supra note 42.

47. Jennifer Miller, Farmer Adoption of Best Management Practices Using Incentivized

Conservation Programs 102 (June 6, 2014) (unpublished M.S. thesis, The University of Vermont) (on
file with author).
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Resource Conservation Service (“NRCS”). It is likely that increased
subsidies to farmers are needed to improve the adoption of farm BMPs. We
conclude that the economic conditions of famers will likely continue to play
a major role in expanding or contracting the distribution patterns of land use
within the LCB; however, the economic conditions of farmers are
intrinsically tied to the evolution of ecosystem services across the
landscape, in particular, soil health and stream protection. A novel
contribution of the ILUTABM is the ability to simulate the evolution of
fifteen classes of land use and land cover at watershed scales, which
requires modeling the competitive land-use dynamics that occur at the cusp
of rural-urban-forest interfaces.*®

Another feature of the ILUTABM concerns the implementation of
specific land use management practices. At this juncture, RACC has
focused on the use of three specific agricultural BMPs: cover cropping,
conservation tillage, and riparian buffer strips. To calibrate our models to
historical BMP adoption rates, we have collected survey data, conducted
experimental games, and undertaken comprehensive literature reviews. This
analysis has led us to render the following additional conclusions about
BMP adoption in the agricultural sector: (1) farmers’ adoption of BMPs is
most likely influenced by their perceived abilities to manage, own, and
control the implementation of the BMP themselves; (2) survey data and
preliminary results from experimental games suggest that prior knowledge
and familiarity with BMPs are major drivers of adoption rates;" and (3) the
influence of social pressures from peers and family members may also
influence adoption rates.>

Data are being collected to better understand and simulate how specific
incentives (in the forms of cash payments, grants, technical assistance, and
tax credits) contribute to specific adoption rates of BMPs. The Q3 team has
studied various farmer incentive programs and concluded that the current
payment levels of programs such as NRCS’s Environmental Quality
Incentives Program (“EQIP”) are not sufficient to ensure maximum levels
of adoption. It is also likely, that there will be a decrease in the rate of
adoption, suggesting an optimal return on investment after which return on
income (“ROI”) declines. In other words, the adoption rates of BMPs will
eventually plateau or even decline as the incentive (money) is increased, in
part because other factors, such as locus of control and social pressures, are
also in play. The goal of these and other Q3 studies is to better understand

48. SwarmFest, supra note 42; Zia et al., supra note 42.

49. See Miller, supra note 47, at 21 (stating that knowledge about the impacts of
agricultural practices affect a farmer’s likelihood to adopt BMPs).

50. Id.
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how behavioral triggers (e.g., economic, social, and psychological)
contribute to land user/owner decisions. The implications for balancing
financial subsidies with technical assistance programs can be derived from
fine-tuning the ILUTABM to specific watersheds and sub-watersheds.

A second Q3 focus area concerns the institutional arrangements and
resource investments made to mitigate nonpoint pollution. These
arrangements are understood as “governance networks.”’' Governance
comprises the processes and structures responsible for making critical
decisions. Governance of common pool resources processes involve the
resolution of trade-offs and to carrying out the implementation and
evaluation phases of the policy cycle. Governance networks are the social
systems that encompass multi-scale interactions, emergent behavior, pattern
formation, and self-organization, and they are often inherently stochastic
(operate in unpredictable ways).”> They possess nonlinear couplings, lags,
inertia and feedbacks across multiple processes and scales. They often
emerge through a series of incremental policy actions that are undertaken
simultaneously at the local, regional, state, provincial, national, and
international levels.”

Figure zz (below) provides a visual representation of the water quality
governance network in place for the LBC. The different planes represent
levels of jurisdictional reach: national level entities like the United Stated
EPA, and NRCS, and Environment Canada; Basin-wide entities established
to provide coordination and focused attention on Lake Champlain, such as
the Lake Champlain Basin Program (“LCBP”); state-level agencies such as
the Vermont Agency of Natural Resources (“VT ANR”), Agency of
Agriculture, Food and Markets (“VT AAFM”), and Vermont Agency of
Transportation (“VTrans”); regional entities such as regional planning
commissions and regional conservation districts; local governments and
municipalities; and individual land owners and land users. These
institutional and individual actors interact and impact the landscape (the
base layer). The pentagon shapes represent those critical decision-making
spaces where regulatory and resource allocation decisions are made. The
figure does not include the wider array of advocacy groups, private firms
and other stakeholders who all play a role in the region. These actors have
been identified and captured in extensive institutional network analysis and
intergovernmental programmatic data collected by the Q3 team.

51. CHRISTOPHER KOLIBA, JACK W. MEEK & ASIM Z]A, GOVERNANCE NETWORKS IN
PUBLIC ADMINISTRATION AND PUBLIC POLICY. (2010).

52. 1d.

53. Jouni Paavola, Institutions and Environmental Governance: A Reconceptualization, 63

ECOLOGICAL ECON. 93, 94 (2007).



552 VERMONT JOURNAL OF ENVIRONMENTAL LAW [Vol. 17
Figure zz. Water Quality Governance Configuration for the LCB
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The effectiveness of particular regional watershed governance networks
to enhance the health, resiliency, and adaptive capacity of regional social
ecological systems varies greatly.”* The variability in the network design,
the existence of political dynamics, and the calibration of hydrological
models to the prevailing economic and political realities have all been cited
as challenges to drawing definitive conclusions regarding the effectiveness
of these regional responses.” In RACC we hypothesized that ineffective
watershed governance networks may drive watersheds to relatively lower-
valued stable states, just as effective watershed governance networks may
induce watersheds to stable states that are valued relatively higher by
society and policy makers. The kind of “governance informatics” being
introduced as part of this project is used to facilitate adaptive policy
responses, generate social learning, foresight and situational awareness
among different decision makers in the system, improve understanding of
lags and inertia, and, above all, move beyond the notion of one-size-fit-all
governance panaceas and policy interventions.>

54. See id. at 100 (describing factors that influence the effectiveness of governance
networks).
55. Carl Folke et al., Adaptive Governance of Social-Ecological Systems, 30 ANN. REV.

ENVTL. RESOURCES 441 (2005); see generally PANARCHY: UNDERSTANDING TRANSFORMATIONS IN
HUMAN AND NATURAL SYSTEMS (Lance H. Gunderson & C.S. Holling eds., 2002) (seeking to develop
a theory of changing systems where economic, ecological, and institutional systems all interact).

56 Christopher Koliba, Asim Zia& Brian H. Y. Lee. Governance Informatics: Utilizing
Computer Simulation Models to Manage Complex Governance Networks, 16 INNOVATION J. ., 2011.
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To date, our analysis of the LCB governance network concludes that
the region possesses a large number institutional actors involved in the
management of water quality for the region.”’ Planning and coordination in
response to the TMDL and the LCBP “Opportunities for Action” strategic
planning process draw on similar sets of institutional actors and
recommendations of policy tools,” suggesting a relatively well-coordinated
set of actors and common activities. However, as the extent of the nonpoint
pollution problem is better understood and some of the intractable
challenges associated with this wicked problem are more clearly defined, it
is highly likely that new institutional design considerations are warranted.
In the realm of transportation-land-use planning, for example, Zia and
Koliba found that shifting decision making authority from state to regional
planning levels vis-a-vis planning and prioritization of road-way projects
that implicated water quality (and also related environmental impacts) may
induce more equitable resource allocation across regions.’” The work of the
Q3 team to map, simulate, and posit alternative governance scenarios can
provide stakeholders with opportunities to consider new watershed or
bioregional arrangements, foster new “networks of innovation,” and other
novel-but-useful institutional arrangements. An instance of such
institutional redesign has recently taken place between VT ANR and VT
AAFM, in which shared staffing and tighter coordination between
regulatory and technical assistance programs is found.

D. Tying It All Together: Integrated Assessment Model

The major focus of the RACC project is on the wicked problem of
nutrient loading into Lake Champlain and the implications of these patterns
for water quality. One unique contribution to the basic science of fresh lake
nutrient loading problems accomplished by RACC is pioneering methods to
wrap land use, hydrological, lake, and governance models into the IAM.®
Although space precludes a detailed overview of the technical components
of the RACC IAM here, we will discuss how the IAM is being configured
within the context of the social, ecological, and climatological features

57. Scheinert et al., supra note 41, at 78-79.

58. KOLIBA ET AL., supra note 41, at 2.

59. Zia & Koliba, supra note 41.

60. Asim Zia et al., Adaptive Co-Management of “Tipping Points” in Social Ecological

Systems: Governing Alternate Stable States in Lake Champlain Basin at the 2014 Norwich Conference
on Earth System Governance: Access and Allocation in the Anthropocene, (July 1-3, 2014) [hereinafter
Tipping Points]; Asim Zia et al., Quantifying Uncertainty in Modeling the Impacts of Climate Change
on Water Quality in Freshwater Lakes: A Bayesian Network Model of Missisquoi Bay (2014)
(unpublished manuscript) (abstract on file with Vermont Journal of Environmental Law and manuscript
being submitted to Environmental Research Letters) [hereinafter Quantifying Uncertainty].
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being addressed within and across the RACC teams. In this sense, the [AM
team, comprised of representatives from all of the RACC teams, provides
an integrative platform to model the LCB as a complex adaptive system.

At the time of writing this article, a model of Missisiquoi Bay has been
fully calibrated, validated, and integrated in the larger RACC IAM, which
was a significant accomplishment and the larger team is well-poised to now
use the IAM to examine the impacts of climate change and adaptive
management scenarios on water quality and algal bloom dynamics over
time. Figure ww below shows the configuration of the feedforward version
of the RACC IAM: twenty-two ensembles of global climate models
(“GCMSs”) are used to drive three climate scenarios (RCP 4.5, 6.0 and 8.5),
and four land use scenarios (BAU, Pro-forest, Pro-Ag and Pro-urban
development) through the hydrological and lake models. High resolution
spatial and temporal forecasts of hydrological and lake biogeochemical
conditions are predicted under alternate climate change and land use change
scenarios. ©' Each scenario of RACC IAM requires generation of
approximately two terrabytes of data, hence the need to run the model on
supercomputing clusters. Delphi panel surveys and mediated modeling
workshops have been organized to configure specific governance and
policy design scenarios for identifying adaptation to climate change
scenarios that best mitigate nutrient reduction in the watersheds and lake
systems.

Figure ww: Feedforward RACC IAM Configuration and Capability

61. Tipping Points, supra note 60; Quantifying Uncertainty, supra note 60.
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I11. WHAT HAS BEEN LEARNED ABOUT THIS COMPLEX SOCIAL
ECOLOGICAL SYSTEM?

The framework for representing the LCB as a complex adaptive system
is represented in figure XX. The reader will recognize the major facets of
the RACC project found within the coupled terrestrial-aquatic ecosystems,
climate change, land use, social and economic behavior, and policy
decisions, and tools features. Questions 1 and 2 of RACC encompass the
terrestrial and aquatic ecosystems, climate change, and land use features,
while question 3 of RACC encompasses the land use, social and economic
behavior, and policy decisions and tools features of the project. The entire
system modeled through the IAM(k.).

FigureXX.  @RACCMModel:ACB@sEomplex@daptiveBystem
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A key feature of the RACC approach to modeling the LCB as a
complex system lies in the interconnections between the system’s
component parts. In the next section we briefly highlight the nature of each
link, drawing reference back to specific conditions impacting the LCB.
These links are described as either feedforward or feedback links in the
model.

a. Coupled aquatic & terrestrial links. The relationship
between an ecosystem’s terrestrial and aquatic systems is
widely appreciated and serves as a central feature of most
models of natural ecosystems. Many of the basic research
RACC findings mentioned earlier in this article lie at the
interface between the LCB’s aquatic and terrestrial
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ecosystems. Land cover, streambank erosion, and stream and
river morphology have direct and critical implications for
water quality. Much of the fo-lake studies being undertaken in
the Q2 team are designed to better understand the coupled
aquatic-terrestrial links. Likewise, the Q1 team’s focus on in-
lake processes is also very much tied to the coupled dynamics
of land and water. Phosphorus enters the hydrological system
through sediment. The transportation of sediment facilitates
the erosion and reconfiguration of terrestrial features. RACC
researchers have built sophisticated models to understand this
very dynamic.”

b. Climate change and aquatic and terrestrial ecosystem
links. The role of climate and weather, and changes to the
climate over time, upon aquatic and terrestrial ecosystems has
long been understood as part of the paleoclimatological and
geological history of the planet.” Temperature variation and
precipitation patterns have always contributed to erosion,
sediment transport, and more. As the climate of the LCB
changes, as it is predicted to do,* better understandings of
expected increases in extreme weather events and higher
temperatures on algal blooms is critical. It is clearly apparent
that as temperatures and precipitation intensity rises,
conditions allowing for the advanced eutrophication of Lake
Champlain are likely.”’ In the context of current conditions,
climate change has led to rising temperatures and more
extreme precipitation events, particularly during the spring
melt-off and late summer seasons. RACC research has
highlighted the role that large storm events play in triggering
and, interestingly, shutting down algal blooms.*

62. See Ibrahim Nourein Mohammed, Arne Bomblies & Beverley C. Wemple, The Use of
CMIPS5 Data To Simulate Climate Change Impacts on Flow Regime Within the Lake Champlain Basin,
3 J. HYDROLOGY: REGIONAL STUD. 160 (2015) (using Coupled Model Intercomparison Project phase 5
(“CMIP5”) data to study alternative possibilities that might emerge in the Lake Champlain Basin for
various climate change scenarios).

63. See FAGAN, supra note 2, at xi—xii (describing the author’s introduction to ancient
climate).

64. Guilbert et al., supra note 11; Guilbert et al., supra note 39, at 18.

65. Mohammed, Bomblies & Wemple, supra note 62, at 179; See Isles et al., supra note

10, at 823 (observing warm temperatures during a pre-bloom phase in Missisquoi Bay); Zia et al., supra
note 12, at 17-18.

66. See Isles et al., supra note 10, at 827 (describing the effects of storms on algal blooms
in Missisquoi Bay).
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Climate change and land use links. As archeological studies
of climate and environmental impacts on human civilizations
have been promulgated,®’ it has been noted how changes in
climatic conditions, be they glacial advances during ice ages,
intense flooding and drought conditions, or more subtle
temperature rises and falls, have helped to shape how human
beings use and cultivate the land. Specifically for the present
era in the LCB, increasing temperatures have extended
growing seasons™ and will likely continue to extend them in
future decades.” More persistent flooding events have caused
some farmers to abandon fields, relocate pasture lands, and
even go out of business.”’ The resilience of the region is
predicated on how land use evolves as a result of climate
change.

Social and economic behavior and climate change links.
The role of social and economic behavior as a driver of climate
change has been clearly recognized by the IPCC and generally
recognized by the scientific community. It is likely that as the
impacts of climate change become more apparent, human
adaptation to climate change will become increasingly evident.
Social and economic behavior and land use links. Land use
is a byproduct of human agency and the tight interaction of
human use and value of ecosystem services with human
economics needs to be dynamically generated over time. The
decisions of land users/owners to transition land from one type
of cover and use to another, and to adopt BMPs, can “add up”
to watershed scale land use and land cover patterns. By setting
in place democratic governance mechanisms and policies in
the form of incentives, sanctions, and regulations, policy
makers can seek to shape human social and economic behavior
that becomes apparent at the landscape scale. This provides a
scientific basis to understand the relationship between human
agency, ecosystem services, and land use.

Terrestrial and aquatic ecosystems and land use links. The
evolution of human civilizations has depended on how early

67.
68.
69.
70.

FAGAN, supra note 2, at xiii.
VERMONT CLIMATE ASSESSMENT, supra note 23, at 13.
Guilbert et al., supra note 11.

See, e.g., VERMONT CLIMATE ASSESSMENT, supra note 23, at 13 (“Variations in

seasonal precipitation combined with the increased frequency of high-energy storms could lead to
extreme year-to-year weather variations with implications on farm business viability.”).
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human societies have, essentially, taken what ecosystems have
given them. ”' Geological, aquatic, and other landscape
characteristics have limited how and where lands can be
cultivated and inhabited. Although extensive efforts have been
made to bring ecosystems into some kind of order through the
development of irrigation systems, transportation systems, and
other forms of built infrastructure, it is clear that land use
practices are confined to the capacities of ecosystems and
surrounding waterways. RACC researchers are finding that
land use clearly impacts stream metabolism—e.g., we see clear
signals between urban, agriculture and forested land covers
and stream metabolism.”” The models devised by RACC are
built to better understand this interplay, with a particular focus
on how these dynamics impact the health of Lake Champlain.

g. Terrestrial and aquatic ecosystems and social and
economic behavior links. The very nature of a social
ecological system must take into account the indelible link
between human agency and ecosystems. Ecological
economists have advanced the notion of “ecosystem services”
as a way to place value on ecosystems and to allow this
valuation to intentionally shape social and economic behavior.
For instance, the aesthetic and recreational value of Lake
Champlain lies in the use of the lake as an ecosystem valued
for its swimability and fishability. In this way, the true value of
and costs to degrading ecosystems may be understood as
consequences and drivers of human behavior. In the RACC
project, this direct link between human behavior and
ecosystems is understood as a matter of public perception of
the value of water quality and other ecosystem services.”

h. Policy decisions and tools and terrestrial and aquatic
ecosystems links. As the more recent history of modern
environmental policy and management can attest, the growth
of populations and the need for natural resources, such as clean
water, fossil fuel, metals and minerals, and food, increases the

71. See generally FAGAN, supra note 2 (describing how societies have adapted to
variations in climate throughout history).
72. Ryan Sleeper et al., Presentation on Ecosystem Metabolism in Streams with
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73. See Tsai et al., supra note 40, at 162 (describing how the ILUTABM simulates the
relationship between landowners’ land use decisions and ecosystem services); Zia et al., supra note 12,
at2.
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need to place protections on terrestrial and aquatic ecosystems
that provide ecosystem services.”* As the accumulation of air
and water pollution impact the quality of human life and
compromise biodiversity and wildlife habitat, the link between
policy decisions and tools and ecosystem preservation is of
critical importance. In the context of the RACC project and the
problems of nonpoint pollution in Lake Champlain, the
environmental laws in place to protect wetlands, wildlife
habitat, and biodiversity play significant roles in ensuring
water quality standards are met.”> While the RACC public
opinion polling has concluded that Vermonters, irrespective of
their proximity to lake, ideological predisposition, and age, are
very much concerned about the health of water quality in the
lake and are willing to pay increased fees and taxes to support
lake cleanup programs.

Policy decisions and tools and social and economic
behavior links. Public policies are enacted to address
particular policy goals and to serve in the public interest. In the
context of ecosystem preservation and the intentional
development of land use, policy tools such as implementation
grants, subsidies and technical assistance contracts, loan and
insurance programs, permits, regulations, tax exemptions, and
zoning laws are created to, essentially, guide social
behaviors.” In turn, policy decisions are (or at least should be)
informed by how citizens perceive policies such as regulations,
incentives, and technical assistance programs.”’ In the context
of the LCB, as is likely the case anywhere in the United States,
policy makers are sensitive to public perceptions and public
and special interest support of and resistance to policy actions
plays a role in determining how policy responses to wicked
problems like nonpoint pollution are addressed.

Policy decisions and tools and land use links. Of particular
interest to the RACC project and other invested stakeholders is
the role that policy tools play in regulating and encouraging
certain land use practices. In the Vermont portion of the LCB,
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zoning rules are set by localities, devolving critical land use
planning to the level of local governance. National and state
land use laws, such as the United States Clean Water Act and
Clean Air Act, subsequent interpretations of these acts, and
state level land use law, also play key roles in shaping the
policy environment. In Vermont, Act 250 and the more recent
Act 64, posited as Vermont’s “Clean Water Act,” all play a
role in regulating and incentivizing land uses. In addition,
significant financial resources are provided through national
and state governments to encourage stormwater infrastructure,
waste and drinking water treatment, sustainable forestry, and
clean water and nutrient management practices for agricultural
operations. ”® In the context of the RACC project and the
wicked problems of nonpoint pollution, the relationship
between policy tool and resource allocation options, and
possible land use patterns are being modeled and simulated.”

k. System integration. When considering the LCB as a complex
adaptive system that is bound together as a couple human-
natural or social-ecological system, it becomes important to
consider how some combinations of feedback and feedforward
processes ultimately impact nutrient flows and algal blooms. It
should be evident by now that nutrient loading of phosp