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EXECUTIVE SUMMARY

The goal of this project was to develop a comprseivensuite of ecological indicators that are
scientifically defensible and consistent with tlealg and objectives @pportunities for Action.
Successful ecosystem management must be basedoompaehensive monitoring data base, but
these data must be collected within a framework #i@ws the information to be used in
decision-making. One of the most widely used fraomis to assist decision-makers is the
Pressure-State-Response (PSR) framework initigyeldped by the Organisation for Economic
Co-operation and Development. This frameworkasda upon the notion that human activities
exertpressureson the environment that result in changes instage of the environment and its
natural resources. When these changes are detalndrey trigger a societaesponsein the
form of management policies and actions that asggded to reduce the environmental pressures
and bring the state of the resources back to tkeetdkcondition. These relationships can be
captured in simple cause and effects diagrams. nVdgelogical indicators are selected for a
monitoring program using this framework, they carbsequently be used as performance
measures for a comprehensive management or aci@om p A thoughtfully-selected set of
indicators can both track environmental conditicared provide information to judge the
effectiveness of the management actions that greemented over time.

Because the complexity of the Lake Champlain edesyslike any ecosystem, is too great to be
captured in a single PSR diagram, we selected atatis using a series of PSR diagrams that
draw upon the goals iOpportunities for Action, the Lake Champlain Basin Program’s
Comprehensive Pollution Prevention, Control, andst&®ation Plan, and that collectively
represent the larger lake and basin ecosystemh E8R diagram addresses an issue area central
to the health and management of Lake Champlain r@pdesents a logical grouping of
components of the ecosystem. The issue areas leetesk were phosphorus pollution, fecal
coliform bacteria, mercury toxicity, the sport fisbmmunity, the plankton in the pelagic food
web, water chestnut and recreation. About 65 atdis were recommended across all seven of
these issue areas.

Each indicator we have recommended is either emalhg relevant, meaning it relates to
essential components of the ecosystem and resgon@$evant stressors, or socially relevant,
meaning it is linked to the concerns of the public the government. It is also measurable,
statistically sound (to the extent that we couldlesate this), and interpretable. To make an
indicator interpretable, we must define an accdpthdvel for it. Without such information, an
indicator cannot be used to evaluate whether theystem is in a healthy or desired condition or
in an unhealthy or undesired condition. Althougirent limitations in our ecological and social
understanding can make defining these levels aigilig, the desired ecosystem state, expressed
through the goals of the management plan, can defipe these levels. Sometimes acceptable
levels can be defined using ecological thresholdsile in other cases they involve social
preferences and policy decisions. For those dthhtave been collected for several years, we
used modeling scenarios, sensitivity analysis atiterotechniques to describe the natural
variability range, characterize real differences] o quantify uncertainty.

To characterize public preferences, we used sowann curves and stated choice analysis,
techniques used extensively in marketing and secaiomic analyses, to assess preferences for



alternative states of the Lake Champlain ecosystaffe described these states by a set of
ecosystem characteristics (or attributes) selebtesd onOpportunities for Action and focus
group meetings. The characteristics included sitgrand duration of algae blooms, number of
days of beach closures, fish consumption advisdaesl use distribution in the Lake Champlain
basin, and the spread of water chestnut in the lake

The levels of these characteristics were varietesyatically to create alternative descriptions of
Lake Champlain. A series of paired comparisonsaltd#rnative states of the Lake Champlain
ecosystem were created and incorporated into a&gur8urvey respondents had to make trade-
offs among various characteristics and chose tieenaltive that they preferred. The choices of
all respondents were then aggregated and usetinmags preferences about ecosystem attributes
using a logistic regression model. These prefagneere used to suggest acceptable levels of
some of our indicators.

For phosphorus, we also developed a dynamic mdasdeamodel using th&ella modeling
software. The model is designed to be run on a $gligment by lake segment basis. Preliminary
models were developed for the Main Lake, Shelb@ag, and Missisquoi Bay lake segments.
The model tracks phosphorus through componenthiefLake Champlain ecosystem, allows
changes in state variables relative to changeshosghorus inputs, and is linked to simple
measures of management efforts and recreationabndesnjoyment of the lake. The model
shows which factors have the greatest influencelwsphorus concentration in the lake, and
which factors are most responsive to managemeniponation. The linkages in both the PSR
diagrams and the phosphorus model are also our ingprkypotheses of the important
relationships in the Lake Champlain ecosystem.fulither data are collected, these hypotheses
can be tested and further refined in future studies

Recommendations are also provided for an envirotehestorecard for the Lake Champlain
Basin Program. This scorecard is meant to becarkey part of the public education efforts
associated with the program. It should preseninteators within the pressure-state-response
framework to reinforce cause and effects relatigpssin the ecosystem, and clearly articulate the
condition, or health, of the ecosystem, and pragresvards the management goals and
objectives outlined i®pportunities for Action. Individual scoresheets can be used to summarize
trends in indicators in the issue areas, and tonsanze important issues in the various lake
segments.

Through our analyses, we discovered that the cumemitoring efforts on Lake Champlain are
fragmented, and sometimes without clear objectiv&ata were often hard to track down,
difficult to get, and in a form that required enaus effort in order to extract, summarize and
use for analysis. We believe that there would bbstntial benefits in examining these
programs in light of what they are accomplishingthbindividually and in combination. The
result of such an examination might be a streamlim®nitoring program with significantly
greater impact.

Our proposed indicator suite includes a varietpafameters that are currently being measured
by partner agencies in the Lake Champlain Basigrmar, but also many parameters that are not
currently being measured. These include biologacal ecological parameters, social measures



and economic measures. Clearly economic considesasire essential in the decision-making
process, and capturing the links between ecologjoalds and services and their economic
values through a series of economic indicators @auald significantly to the overall indicators

program for Lake Champlain. We also know thauratfactors and stochastic events like
severe storms and drought can also influence emwayondition and the outcome of

management. We have not included a full set oicatdrs to track natural factors in all our

proposed indicator suites, but these probably shbelincluded in the future. The influence of
these factors can also be considered using scerartbmodeling.

Finally, we believe it would be both short-sightmtd naive to move forward with an indicators

program without also investing in additional prasesiented research, to provide a context for
understanding and interpreting the monitoring da#teditional research is needed in all the issue
areas and priorities for research funds shouldsbebished at the same time that an indicators
program is endorsed and implemented.

We recommend the following specific steps to follmp on this work and continue the
development of an ecological indicators prograntlierLake Champlain Basin Program:

1. Convene both technical and policy-level workshapednsider the information in this report
and select an initial set of indicators for impleraion.

2. Revise the current monitoring programs among thigeainstitutions in the LCBP in order
to collect the data necessary to implement thecatdrs program. We suggest particular
attention be paid to improving current data coltectto maximize its utility, and adding
indicators in the phosphorus, sport fish, and peltgpd web issue areas.

3. Establish acceptable levels for the state indisator the Lake Champlain ecosystem
indicators program as soon as practical. Use tleests as a basis for defining acceptable
levels of the pressure and response indicatorstower

4. Continue to explore the linkages between issuesanmeaDpportunities for Action and
explicitly consider a set of indicators that captoae those linkages.

Add socio-economic indicators in core issue areas.

As part of a regular “state of the lake” reportblgh a first scorecard for a core set of
indicators as soon as practical, and commit torhiahupdates of the scorecard and state of
the lake report.

As the LCBP moves forward with an ecological intlica program, we believe it is imperative
that people be considered an explicit part of thked Champlain ecosystem; it is not possible to
manage ecosystems as if we are external to thewgridimued environmental degradation will
be the most likely, if unintended, result. A thbtfglly implemented ecological indicators
program can support more holistic management byigirgg the data and frameworks necessary
to inform the critical choices that must be made.

Vi
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[. INTRODUCTION

The concept of an indicator is familiar to most pleceven if they do not recognize the term.
That familiarity comes from an annual checkup a tioctor’s office or even a read of the
business section of the newspaper. To assessoth&alth, a physician might measure blood
pressure, take a pulse and temperature, and drblwoa sample to see how much iron or
cholesterol is in it. These measurements ardndicators that paint a picture of overall
condition and tell the doctor whether any treatreeare necessary. The business pages of the
newspaper report the Dow Jones Industrial Avertge nflation rate, the unemployment rate,
and at the end of the year, perhaps the gross diemmeduct (GDP). To an economist or
business leader, these measurements indicateateecdtthe national economy and help guide
investments and other financial management dedasionin both of these examples, a few
measurements are used to represent a myriad oftbthgs that have not been examined.

In a similar way, ecosystem indicators are alsoreiasingly being used to help inform
environmental management and decision-making. dsystem indicator can be any measure
that provides information about the condition ofe tlecosystem or the effectiveness of
management. In the same way that it is impossthkxamine all aspects of human health and
the economy, it is also impossible to measure arauate all the critical processes and
components in an ecosystem. Therefore, ecolomidalators are selected and used to determine
the condition of the ecosystem with a reduced $eh@asures that represent or “indicate” its
overall state.

The Lake Champlain ecosystem is a large and congslay of places including not just the lake
itself, but also all the land that drains into take, the wetlands and streams that hold and carry
water to the lake, and the urban/built environmehere people live and work. 1t is also a
managed ecosystem, a single natural entity thah#&ed between two countries and many
communities. Before 1990, a variety of independederal, state, and provincial agencies and
institutions with diverse interests and expertiseravimplementing a variety of management
programs on the lake and in its watershed withingrdegrees of coordination. In November of
1990, the United States Congress passed the Laka@ain Special Designation Act, which led
to the creation of the Lake Champlain Basin Progfa@BP) in the following year. This group
and its “Management Conference” were charged witlorainating and facilitating the
management of Lake Champlain. They were also téideto develop a first ever comprehensive
management plan. In 1996, that pl@mportunities for Action, was completed and released to
the public.

As the actions in this comprehensive management \pkre implemented, the LCBP needed a
way to track progress and make better use of tha dallected in its various monitoring
programs. The LCBP funded this project, the Lakar@plain Ecosystem Indicators Project, to
develop a set of ecosystem indicators for the L@kamplain Basin Program. Indicators were
needed both to evaluate the condition of the Lakan@plain ecosystem and to evaluate the
effectiveness of the management actions being imgreéed as part of the comprehensive plan.
In Phase 1 of the project, we reviewed the liteeatand proposed a conceptual approach and a
list of candidate indicators for the LCBP. In B&& of the project, we applied our approach



and gathered as much information as possible tlu@eapotential indicators. In this report, we
present a final set of recommendations for a Lakan@plain Ecological Indicators Program.

Evaluating the condition of the Lake Champlain gstam is a difficult task given the
complexity of the ecosystem, the multitude of puess derived from human activities in the
basin, and the many ways that management actidlognice ecosystem response. Clearly, no
single environmental measure can accurately refleet condition of an entire ecosystem
(Bertram and Stadler-Salt 2000, Jackson et al. 2000 Heinz Center 2002). Therefore, a suite
of indicators must be developed that collectivedpresents the condition of the ecosystem.
Comprehensive indicator suites should be able twment the extent to which ecosystems are
affected by human pressures (Hughes et al. 199&) emaluate how ecosystem structure,
processes and organization may be changing asuth ofshose pressures (Miller et al. 2000).
In this project, we present a suite of indicatbis illustrate, to the extent possible given theda
that are currently available, the condition of tleke Champlain ecosystem and its response to
management. We present our indicators within @eptual framework that incorporates at least
a portion of the complexity of the system.

Ecosystem indicators are valuable management tomis many perspectives. The information
they provide can increase understanding of therenwient, enhance program planning and
guide resource distribution (Sylvester 2001). Bstematically separating acceptable measured
values of indicators from unacceptable values, mearsa can identify those ecosystem
components that require management attention (Kaelty Harwell 1990). Acceptable levels are
explicit statements of the desirable ranges of measvalues for ecosystem indicators. They
should reflect management goals, scientific undedihg and social values.

The establishment of acceptable levels ensuresedigmable and systematic evaluation of
ecosystem condition and management effectivengtie measured value of each indicator is
within its range of acceptable levels, the ecosgsteassumed to be in a healthy or desired state.
When the measured value of an indicator is outsgleange of acceptable levels, management
intervention is required. Without information aboacceptable levels, an indicator is not
interpretable, that is, it cannot be used to makaagement decisions. Unfortunately, the failure
to define acceptable levels is a common shortcomimgany indicator initiatives.

Most management actions are implemented in an tefformaintain or enhance ecosystem
condition. Indicators that are linked directlysjpecific management objectives and actions or to
ecosystem components of direct societal concerrlykad Harwell 1990, Landres 1992,
Rapport 1992, Water Quality Guidelines Task Gro8g6l Jackson et al. 2000, Zorn et al. 2001,
Frid 2003, Vaughan et al. 2003) can be used to kehluate the effectiveness of these
management actions and progress towards achievampgement goals.  Although many
indicator programs have been developed to evaleatdogical conditions, many of these
programs do not take the extra step of linking amagement actions so that interventions can be
evaluated. However, when these linkages are madbcators can provide systematic
information about the ecosystem that reduces usnogyt(Hammond et al. 1995) and facilitates
better decision-making (Bernstein 1990), partidylavhen implemented within an adaptive
management framework (Holling 1978, Lee 1993).



Adaptive management incorporates experimentatiaa the design and implementation of
ecosystem management policies (Holling 1978, Le®319 By adopting an adaptive
management approach, policy-makers acknowledgethieat understanding of the ecosystem
and the potential outcomes of management actiongnégemplete (Noss et al. 1997).
Consequently, management actions are designedttdypotheses and predictions about how
managers and scientists think the ecosystem is imgrk Using this approach, changes in
measured indicator levels provide information albmttjust the condition of the ecosystem and
the effectiveness of the management actions iresitty the desired results, but also the validity
of the hypotheses upon which the management acivens based. By organizing indicators in
an adaptive management approach, managers haveogpertunity to increase their
understanding of the ecosystem regardless of tteomes of management, which increases the
potential success of future management strategies.

Furthermore, resource managers can simplify thegs® of communication among scientists,
policy makers and the public by selecting and usidjcators that can be understood and
appreciated by a broad audience (OECD 1993). analis that relate to social values (Hess et al.
2000), ecosystem components of direct societal erongKelly and Harwell 1990) and
ecosystem services (Rapport 1992) can be effeetiveational tools for building public support
for the management actions designed to improver@mviental conditions. Therefore, all
indicator programs need a mechanism for reportasglts to stakeholders and decision-makers
(Water Quality Guidelines Task Group 1996, Harwetll. 1999).

Defining Ecosystem Indicators and Frameworks

The literature on environmental, ecological andsgstem indicators is large and growing. This
literature appears in published technical journdi®oks, government documents, and
increasingly, on websites created by programs imefging indicator projects. Hunsaker and
Carpenter (1990), in a review and analysis conduébe the US Environmental Protection
Agency (US EPA), define an indicator as a “charastic of the environment that when
measured, quantifies the magnitude of stress, dtathiracteristic, degree of exposure or degree
of ecological response to exposure.” Many orgdiuna have adopted this definition (e.g.,
Council of Great Lakes Research Managers 1991, MZaiality Guidelines Task Group 1996).
Muller et al. (2000) define indicators as “variabler indices that represent, integrate and
characterize information embodied in comprehendaa sets which are often not measurable
directly.” For the Great Lakes Basin Ecosystemlthgaroject (Bertram and Stadler-Salt 2000)
an indicator is a “parameter or value that reflébts condition of an environmental (or human
health) component, usually with a significance #ends beyond the measurement of the value
itself.” While the term “indicator” is frequentlyedefined on a case-by-case basis, ecological
indicators are essentially a shorthand method &scbing and evaluating the structure and
function of an ecosystem (Hughes et al. 1992, Lesdr992) and the way the ecosystem
responds to management actions.

Ecosystem indicators range in complexity from measents of simple environmental
characteristics like water quality to multimetrimdices of condition, such as Karr's Index of
Biotic Integrity (IBI) (Karr et al. 1986). As eamjists have become more aware of the complex,
long-term and cumulative impacts of human actigiti® the environment, most environmental



management and monitoring initiatives that usecaudirs have evolved from simple stress-
specific measurements to more holistic efforts wal@ate the broader condition of entire
ecosystems (Nip and Uno de Haes 1995, Karr 19%6eFi1998, Wickham et al. 1999, Hess et
al. 2000). How well the ecosystem is describedheyselected suite of ecological indicators
depends on the quantity and diversity of the indisaand the quality of the data used to develop
those indicators. Given limitations in institutednresources, indicators must be selected to
maximize unique and relevant information with mialnmedundancy (Council of Great Lakes
Research Managers 1991). This can be accomplitiredgh the use of a framework to
organize the indicator selection process (Courfcbi@at Lakes Research Managers 1991) and
provide a context for evaluating the data thatcatkected (Hughes et al. 1992).

One of the most widely used and adapted indicatmnéworks (e.g., Hammond et al. 1995,
Crabtree and Bayfield 1998, SDI Group 1998, Berteard Stadler-Salt 2000 and Mdller et al.
2000) is the Pressure-State-Response (PSR) frarkedereloped by the Organisation for
Economic Co-operation and Development (OECD) (OHEEB3). This framework (Figure 1) is
based upon the notion that human activities exersgures on the environment that result in
changes in the state of the environment and itsralatesources. These changes elicit a societal
response by changing environmental policies or é@mgnting management actions (OECD
1993). The societal response creates a feedbamk to the environmental pressures by
promoting changes in the human activities that edubke environmental degradation in the first
place (OECD 1993). Responses can also be focusedtlyl on changing the state of the
environment. Because environmental managemenyasirag field and response indicators have
not been used for as long as pressure and statatois, the number of response indicators can
be limited by data availability and by human untierding of management outcomes (OECD
1993).

Bfommat iom
PRESSURES C— " STATEof the —— "| RESPONSE
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actTvities and natural Ianagers
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t At |
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Figure 1: Pressure-State-Response Framework from GED (1993).

Types of Indicators

There are many classification schemes for indisafdable 1), including a variety of types and
categories of ecological response measures devkfopeliverse management purposes. There
are numerous recommendations in the literatureirfdluding certain indicator groups when
developing a suite of indicators. Several auttergphasize the importance of early warning



indicators because expedient management intervetdore serious degradation occurs can
eliminate the need for expensive rehabilitatiomestoration (Kelly and Harwell 1990, Rapport
1992, Nip and Uno de Haes 1995). These indicatoght be measures that respond rapidly to a
spectrum of pressures, or measures that are senitispecific, expected pressures. Based on
field studies that show that structural indicat@spond faster than process indicators because of
the redundancies in ecological systems (e.g., 81N 987), several authors counsel using
structural indicators in any program focused on mooimg for ecological change (Hughes et al.
1992, Angermeier and Karr 1994). Nip and Uno dedH@995) also stress the importance of
structural abiotic indicators because they playiermediary role between pressures and
biological responses, and therefore, should betaljeedict changes in biotic components of the
system prior to their occurrence. In addition ®nly more responsive, abiotic elements are
generally better understood than the underlyindogoal processes and they are less expensive
to monitor (Angermeier and Karr 1994). Using &8l ecological perspective, Angermeier and
Karr (1994) recommend selecting indicators thataagture: (1) physiochemical conditions, (2)
trophic base, (3) habitat structure, (4) tempoeaiation, and (5) biotic interaction.

Table 1: Types of indicators described in the litemture.

Type Definition

Structural Measures the biotic and abiotic comptsehthe system.

Process/Functional Measures changes in rates dmags of ecosystem processes.

Disturbance Measures disturbance regime respondibfe maintaining the
ecosystem structure.

Compliance/ Evaluates progress towards the attainment of managiegoals and

Management objectives.

Diagnostic/ Provides insight into the specific cause of ecasysichange of

Sensitive noncompliance.

Early Warning Quickly identifies changes in systeondition prior to substantial
degradation to allow for management intervention.

Screening Provides general assessment of systeditioarand detects signs of

ecosystem stress.
Intrinsic Importance | Measures aspects (speciesameps) of the system that are of direct
value, economic or otherwise.

Pressure Characterizes direct and indirect imgeans human activities.

State/Condition Measures environmental conditiod #re quantity and quality of
natural resources.

Response Measures societal or management resgotfigedcosystem state.

Sensitivity Measures ecosystem response to stretbe @bility to recover from
disturbance.

Long-term Detects ecosystem change or degradatven lkarger spatial and
temporal scales.

Index Combines several variables into an overalasuee of ecological
condition.

Adapted from Kelly and Harwell 1990, Council of Gté.akes Research Managers 1991, Landres 1992,1Rag,
Rapport 1992, OECD 1993, Nip and Uno de Haes 1988er Quality Guidelines Task Group 1996, Harwedlal.
1999 and Hess, et al. 2000.



Several authors have created multimetric indicessg®ss ecosystem integrity. Perhaps the most
widely used of these indices, Karr's Index of Biotntegrity (IBI), uses 12 measures associated
with fish communities to arrive at a score thatigates how much a given stream deviates from
an undisturbed or reference condition (Karr etl8i86). The IBI has since been adapted to
different geographic regions and modified to crese indices like the Benthic Index of Biotic
Integrity (B-IBI) based on benthic invertebratestead of fish (Kerans and Karr 1994). Other
examples of commonly used indices include the HBr&ironmental Protection Agency’s Rapid
Bioassessment Protocols (RBP) and Ohio’s Inverteb@mmunity Index (ICI), which were
developed to assess water quality in streams aerdsrguickly over large geographic areas at a
relatively low cost (Watzin and Mcintosh 1999). tBwf these indices primarily use metrics
related to organism tolerances but the RBP alstudes measures of habitat quality and
invertebrate functional groups. The Hilsenhoff iRidndex (HBI) (Hilsenhoff 1988) is another
commonly used index that is based solely on orgatigderances and abundance.

Although all of these indices are used widely, ®tfea et al. (1988) and Suter (1993) warn that
assessment of ecosystem health should not be basada single reductionist index or even an
inventory of species. Results from surveys to memsndices are widely variable and it is

generally unclear which component metrics are dguihe resulting index score (Watzin and

Mcintosh 1999). Xu, et al. (1999) argue that iegi@re too narrow in scope to adequately
reflect ecosystem complexity. Ecosystem conditist be contextually examined, including

the type of ecosystem and the types of pressufestiaf) the system (Kelly and Harwell 1990).

Because the different types of indicators haveedapurposes, the suite of indicators should be
as comprehensive as possible and include manyefitféypes of indicators (Kelly and Harwell
1990, Hughes et al. 1992, Water Quality Guidelimask Group 1996). Many environmental
variables may be classifiable as several indicgjoes depending on their properties (Kelly and
Harwell 1990). For example, the measurement ote@wsystem process, such as the rate of
primary productivity, may be both a functional iogior and an early warning indicator if the
measurement responds quickly to anthropogenic @san@jo ensure detection of change as soon
as possible, several authors suggest that indisattgs include measurements that span multiple
levels of biological organization (Spellerberg 19%harr 1992, Water Quality Guidelines Task
Group 1996). Likewise, Kelly and Harwell (1990coenmend including indicators that are
responsive over a range of spatial and tempor#scaBecause management concerns, social
values and scientific understanding change overtitmie important that any indicator suite be
dynamic, flexible and adaptable to changing locaiditions (Haskell et al. 1992, Rapport 1992,
Water Quality Guidelines Task Group 1996, Fishe98l9Vatzin and McIntosh 1999, Bertram
and Stadler-Salt 2000).

Desirable Indicator Characteristics

To ensure that all indicators are of high qualgglection should be based upon a set of
predetermined criteria (Water Quality GuidelinesK &roup 1996) that take into account the
ecological, social, economic and institutional ddesations of the particular application

(Hunsaker et al. 1990). There are many charattsrithat have been recommended for
consideration in indicator selection (Table 2).kdwise a variety of approaches to using these



characteristics have been suggested (Kelly and &lbd®90, Water Quality Guidelines Task
Group 1996, Fisher 1998, Manley et al. 2000). €r@sproaches emphasize the need to balance
technical, operational, and administrative consitiens. They also stress weighing the benefits
of available historical data and the ability of thedicator to discriminate environmental
differences in the face of considerable naturalat@n. Ideally, indicators should be the best
possible environmental measures, not just charatitsr for which data are already available
(Water Quality Guidelines Task Group 1996).

Table 2: Characteristics that can be used to selettdicators.

Characteristic Explanation

Relates to essential components of the ecosystdmeaponds to
Ecologically Relevant relevant pressures.

Politically/Socially
Relevant Linked to the concerns of the public dr@government.

Can be quantified using a standard procedure vaitiuichented
performance and low measurement error. The calect the data

Measurable should not harm or alter the ecosystem.

Able to distinguish acceptable from unacceptablatons; natural
Interpretable variability understood.
High Sensitivity Has a high signal-to-noise ratibhaknown variability.
Statistically Sound Able to document trends andasbignificant differences.
Related to Allows for determination of current policy effectimess and adaptive
Management Action | management.
Understandable Public able to understand the \@ltiee indicator.
Specific Response consistently corresponds to @fgpstressor.
Historical Data Enhances potential for trend analysis and undedstgmatural
Available variation.

Measurement expense corresponds to quality ofrmdion gained
Cost-effective and the institutional needs.

Responsive to
Multiple Pressures | Broadly identifies impact/degradation of the ecosys
Spatial and temporal scales of measurement anetigicially
Appropriate Scale justifiable and correspond to management concerns.

Timely Responds quickly to allow for managementiaact

Highlight Emerging

Problems Able to identify when anticipated problerise in the ecosystem.
Unique Provides unique information to indicatortsui

Provides New Provides new information regarding ecosystem sirecand
Information function that increases scientific understandinthefsystem.
Operationally Data collection methods are appropriate and feasithsidering
Feasible available personnel and equipment.

Adapted from: Hunsaker, et al. 1990, Kelly and Hah&990, Spellerberg 1991, Hughes, et al. 1992y K892,
Rapport 1992, OECD 1993, Angermeier and Karr 13%mmond, et al. 1995, Water Quality Guidelines Task
Group 1996, Fisher 1998, Whitford 1998, Harwellaket1999, Jackson, et al. 2000, Manley, et al0200iller, et

al. 2000.



While many indicator initiatives simply present at ©f data trends without a context for
interpretation, some efforts have acknowledged nbed to compare indicator values to an
established benchmark. The OECD (1993) recommeietisrmining threshold or reference
values that can be used to gauge the significahedl omdicator values, while Schaeffer et al.
(1988) suggest defining an acceptable range ofegatbat can be used to compare indicator
measures between areas or over time. The accepéadels for each indicator must be closely
tied to the management goals (Water Quality GumdsliTask Group 1996)Rogers and Biggs
(1999) describe a hierarchical, adaptive approachmianaging rivers in Kruger National Park,
South Africa. In their framework, managers an@stists translate a broad vision statement into
increasingly specific management objectives andsgodndicators, bound by thresholds of
probable concern (TPCs), are measured variablestasvaluate the attainment of scientifically
defined management endpoints (Rogers and Biggs)19BRCs are hypotheses of the limits of
acceptable ecosystem change derived from the twdeainderstanding of scientists and
managers (Rogers and Biggs 1999).

In the realm of U.S. park and wilderness manageniredicators of quality are used to evaluate
crowding and other elements of the park visitorezignce (Manning et al. 1996, Manning 1999,
Manning and Lawson 2002). Indicators of qualitg apecific variables that are evaluated
relative to standards of quality. These standaeggesent the threshold of visitor use that
degrades park resources and the visitor experieegend an acceptable level (Manning 1999).
Visitor surveys are one approach used to genenapeopriate standards of quality for the
indicators that are selected (Manning and Laws@220

The ecological (Rogers and Biggs 1999) and sodainfing et al. 1996) perspectives used to
define acceptable levels in the two examples desdrabove are very different. Rogers and
Biggs (1999) advocate an ecological approach bagsedmpirical data analysis and scientific
understanding. Manning and his colleagues havéhasiped the social perspective, focusing on
techniques for defining acceptable levels usingr i s&veys and the values they express.
Because acceptable levels are an expression oetfieed state of the ecosystem, the process of
establishing acceptable levels should incorporaith kecological understanding and social
values.

Most indicator suites focus on the state of theirenment rather than the relationship between
society and ecosystems (Azar et al. 1996). Indisatf environmental state illustrate changes in
the ecosystem after they occur, therefore, theywskden past societal activities were
unsustainableafter the ecosystem is degraded (Azar, et al. 1996)n a Imore proactive
management approach, Azar et al. (1996) recommendlaping indicators that focus on the
ways society currently affect the environment, taglors that might provide managers with an
early warning when ecosystem change is expectadesult of specific human activities.

To ensure an ecologically viable condition, theirdelsecosystem state must be within the limits
of what is scientifically defensible for a stabhemalthy ecosystem (Nip and Uno de Haes 1995,
Rogers and Biggs 1999). Because ecosystems csinirexnultiple stable states (Holling 1973,

Haskell et al. 1992, Rapport 1992), this does metdetermine a particular ecological state.



Ecosystem managers can and do target sociallyatdsirecosystem conditions in order to
maximize public support for their management effdKarr 1992, Rapport 1998, Harwell et al.
1999).

. PRESSURE-STATE-RESPONSE FRAMEWORK AND INDICATOR
SUITES FOR LAKE CHAMPLAIN

Based on our review of the literature, we chosedapt the Pressure-State-Response (PSR)
framework as a basic approach to organizing andcsed indicators for Lake Champlain
(Figure 2). As noted by Hammond et al. (1995 tramework is readily understandable by the
public. Indicators that are organized as pressigtates, and responses clearly show what is
happening to the state of the environment, whyg tappening and what is being done about it.
By categorizing the indicators into pressure-stagponse groups, the relationships between
human activities that act as pressures on the stmy lake condition, and management
responses that seek to reduce or mitigate thesysiem pressures can be shown.

Human activities
exert PRESSURES 1

on Lake
Champlain. The STATE of the
Lake ecosystem is
1 impacted.
Management RESPONSE

seeks to reduce negative | <
impacts on the Lake.

Figure 2: PSR framework for the Lake Champlain Ecaystem Indicators Project.

The PSR framework also serves as a conceptual nlogketan organize our understanding of
the important causal linkages in the Lake ChampiBasin ecosystem. A conceptual model of
an ecosystem is a working hypothesis of ecosystem &ind function. It depicts relationships
and documents assumptions about which processeglatidnships are important (Manley et al.
2000). It can be used as a tool to direct thectiele of indicators that relate to important
processes and components (Kelly and Harwell 199@his et al. 1992, Nip and Uno de Haes
1995, Griffith 1998, Jackson et al. 2000, Manlewle2000). Such a model should be based on
ecological theory and include known pressures frmman activity and the ecosystem services



provided to society (Hughes et al. 1992, Manlenle2000). At the same time, we recognize
that there are limitations to the simple, lineausmeffect relationships in the PSR diagrams.
Although they help us to conceptualize the Lake @jplain ecosystem, these simple models
cannot fully explain the response of any ecosystenatural and anthropogenic pressures.

Although the need for a framework is discussedhm literature, one of the many widespread
shortcomings in other indicator efforts is the lamfksuch a conceptual framework. In these
efforts, indicators are simply presented in listgth an explanation of what each individual
indicator is measuring. The indicators are noeatly related to management actions or human
activities, nor are the potential relationships aghodicators acknowledged. We believe that it
is essential that each indicator be presented nwihtonceptual model that explicitly relates the
measure to our understanding of how the ecosystdanctioning. The model must also clearly
present the cause and effect relationships thabelieve are most important. Because our
databases and scientific understanding are incaeyplbese relationships will frequently be
presented as hypotheses, rather than documentetiohad relationships. As data are collected
as part of the indicators program, they can be usexth adaptive management context to test
these hypotheses and to make appropriate adjustrasmiur knowledge base improves.

The importance of the conceptual model also becociesr as we think about how to best
present the indicators to decision makers and thiqg Our models will provide a vehicle for
explaining the indicator measures and their sigaifce. They will also allow both our
indicators team and LCBP managers to communicaarlgl with appropriate outside expert
groups, stakeholders in the basin, and others abeutlesign of the monitoring program and
ways that the data being collected can be usetfdam management progress.

Because the levels of phosphorus (P) in the watklsake Champlain are known to impact
many aspects of what is valued about the Lake Cllam@cosystem, the Lake Champlain Basin
Program (LCBP) has identified the management of sPoae of its highest priorities.
Consequently, we also placed extra emphasis orppbass in our ecosystem indicators project.
Phosphorus pollution affects many aspects of thke &cosystem, so it is important to identify
indicators that clearly relate to P dynamics in lddes. However, because of the complexity of
the Lake Champlain ecosystem there is no singlioelship (or indicator) that can capture
overall changes in the state of Lake Champlain wegpard to P. Indicators must be identified
that track the amount of P in the lake, the rateghech P flows into and out of the lake, and the
rates at which P is stored and used by the biota.

Detailed computer models can be helpful in idemdyuseful environmental indicators because
these models provide a quantitative infrastructfoe analyzing complex systems and a
structured way of thinking, in this case, about hBvbehaves and influences the condition of
Lake Champlain. We chose to model P because bigts priority in the LCBP, the relatively

large amount of monitoring data that is availaled the existence of a relatively good, if still

incomplete, understanding of how P behaves in ¢éasystems. This modeling approach could
be applied to a number of other pollutants as wé&he model we developed, the Phosphorus
Environmental Indicator (PEI) model, is a dynamiass balance procedure that accounts for all
the major storage, inputs and outputs of P fovargiake segment. The model tracks, over time,
changes in the magnitude of P storage (mass anzketations) and inputs and outputs of P
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(loads). Inputs of P are influenced by human pafjoh levels, population growth rates, land
conversion strategies, the overall character ofl lase in the watershed and the hydraulic
connectivity of one lake segment with another.

Guiding Criteria for Lake Champlain Indicator Selection

Although many characteristics of good ecologicalicators are presented in the literature, it is
rare to see an articulation of these charactesist@fore an indicator program is established. For
our Ecosystem Indictors Project, we focused on csaelg indicators with the following
characteristics:

e Ecologically relevant

e Politically/Socially relevant
e Measurable

e Statistically sound

e Interpretable

All of the Lake Champlain ecosystem indicators that propose relate clearly to our PSR

framework and are either ecologically relevant, nireg they relate to essential components of
the ecosystem and respond to relevant stressosecailly relevant, meaning they are linked to
the concerns of the public and the government.yHne also measurable, statistically sound (to
the extent that we could evaluate this), and imetgble. Indicators that are both ecologically
relevant and socially relevant have the greatekteydnowever, some indicators may fall into

only one of these two categories and still be walyable.

We also chose to focus on selecting indicatorsabald build, as much as possible, on data that
are currently being collected by the partners enltEBP. Most of the existing indicator projects
that we have reviewed largely limit themselvesxisteng and often long running data sets when
selecting potential indicators. Although thereerrmous merit in using existing data because
these data provide a perspective over time thaishi define natural variability and suggest
acceptable levels, many important measures of giwalbcondition have not historically been
collected.

In fact, there are very few long-term datasetslalbg for Lake Champlain. Nonetheless, we
started by gathering as many datasets germaneke Champlain in the focus areas as possible
in order to evaluate current monitoring approacresthe state of the scientific understanding of
Lake Champlain. In this report, we present indicaheasures developed from available data
and begin the process of suggesting more informatieasures that would require alternative or
additional data collection. Clearly, new monitgrirefforts will have to be considered
judiciously, but if we want a comprehensive proghaased on adaptive management and a full
framework of understanding from an ecosystem petsge the LCBP will need to consider new
data collection.
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Acceptable Levels

In order to interpret trends and measured valuas) endicator needs an explicitly defined range
of acceptable levels that incorporates both ecodgunderstanding and social values. The
ecological definition of acceptable levels is baseda scientific assessment of the range of
values for every indicator that collectively represa functioning, viable ecosystem. In practice,
however, specifying a range of values for ecosystanables from a scientific perspective is
very difficult. Ecosystems are complex and naturahriable. The definition of a range of
acceptable levels must incorporate natural vaitgbéind uncertainty. Ecological thresholds,
levels of ecosystem components that are irreversibl that trigger major changes in other
ecosystem components, must also be considered c@hibe difficult because monitoring data
are often limited and scientific understanding dbthese complex interactions is generally
incomplete.

For example, Lake Champlain is a naturally mesdiiofake that is threatened by anthropogenic
nutrient enrichment. Increasing the phosphoruseotnation favors eutrophic phytoplankton

species over mesotrophic species. These shiftseimphytoplankton community composition

could have detrimental effects on the rest of thakel Champlain food web, including

recreationally important sport fish. On the othand, if phosphorus concentrations are too low,
primary productivity is limited, thereby providirigss support for higher levels of the food web.
The definition of acceptable levels for phosphotoscentration in Lake Champlain from an

ecological perspective should be based upon maintaa mesotrophic condition with sufficient

primary productivity to sustain the food web. Wibout twelve years of consistent Lake
Champlain phosphorus data and a limited undersignafi the intermediate trophic levels, it is

difficult to pinpoint an appropriate level of phdgpus from an ecological perspective at this
time.

The social component of defining acceptable lewal®lves an understanding of the social

values pertaining to the ecosystem indicatorsmdy be possible to define a narrower range of
acceptable levels from a social perspective. Thike case with the phosphorus example given
above. While it is unclear whether current phospbiolevels in many sections of Lake

Champlain are an ecological hazard, most segmegtal@ove the levels that interfere with

human use and enjoyment (Smeltzer and Quinn 19%6pse levels were the basis for the in-
lake phosphorus criteria. Therefore, our curreateptable levels are based on social
preferences, not ecological considerations.

It is important to balance ecological and sociahsiderations when establishing acceptable
levels, selecting levels that ensure an ecologicsllistainable system that also meets social
expectations. Sources of information that can be used to helpnédate acceptable levels
include legal and administrative mandates (e.@),lagency policy, historic precedent, interest
group politics, personnel and financial resourees| public opinion (especially that gathered in
a systematic way from members of the public whonamst directly interested in and affected by
resulting decisions) (Manning and Lawson 2002).
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Series of Issue Areas Selected for the PSR Diagrams

Because the complexity of the Lake Champlain edesyslike any ecosystem, is too great to be
captured in a single PSR diagram, we developediessef PSR diagrams that draw upon the
goals in the LCBP’s management pl@pportunities for Action and collectively represent the
larger lake system. Each PSR diagram addressessaa area central to the health and
management of Lake Champlain. We selected the igseas based on the primary focus areas
in Opportunities for Action, logical groupings of components of the ecosystamd data
availability. The issue areas we selected are gitws's, bacteria, mercury toxicity, the sport
fish community, the plankton in the pelagic foodowevater chestnut and recreation. A PSR
diagram was constructed for each issue area tipditiely identifies indicators of pressure, state
and response. For the purpose of this study, pressdicators represent the human activities
that lead to ecosystem degradation (even thouglraldactors can also be pressures that drive
ecosystem change), state indicators characterizecdirent condition of the ecosystem, and
response indicators represent management actikes ta reduce the pressures and improve the
condition of the ecosystem.

The PSR diagrams are conceptual models. As shelp,dre qualitative. They document our
hypothesized understanding of the important ecoldgpathways for each issue area. By
applying data to the conceptual model, we can ltmkcorresponding trends amongst the
indicators. For instance, if the data show a des®dn a pressure indicator, such as pollution
loading, do we also see an improvement in a stalieator, such as a water quality measure? By
collectively examining data trends within the P$&fework, we can develop an overall picture
of how the ecosystem is functioning, and provide@e complete context for environmental
decision-making. As more data become availablecavebegin to examine these relationships
in a more quantitative manner. For example, ouR PAmework, or conceptual model for
phosphorus shows that we expect an increase irppbaoss load with an increase in population.
However, we do not know the magnitude of such angba As data are collected over time we
may be able to determine how great an increaseaith e might expect per unit of population
increase. These relationships are critical onesrfanagers to understand. They will allow
specificity in determining level of effort and dgsing management approaches that have the
greatest likelihood of achieving results.

Although the Lake Champlain Basin Program has lmmarational for over a decade, data are
still very limited in many issue areas. The progiagreatest monitoring effort has been devoted
to phosphorus; therefore, we developed a quanttatiodel for this issues area. This model
allowed us to explore our understanding of phosphdiynamics in the lake. We also used this
model as a case study of how a conceptual modebiggmize data collection that can then be
used in a quantitative model to examine relatigrstietween potential indicators and not just
disconnected trends in individual indicators.

The PSR models, and the indicators, measures aldlale data that go with them are presented
and discussed in the following sections. In eadueh pressure indicators are shown in red,
state indicators in blue and response indicatorgré@n. Boxes represent indicators for which
there are exiting data; circles represent indicator which data are not currently available.
One-way and two-way arrows are used to depictithk@dies among the various indicators. Two
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way arrows represent known or hypothesized linkag#is feedbacks; some single direction
arrows may in fact have feedbacks too but thelpet i in the direction of the arrow. Because
the indicators listed in the PSR models are vernegd, more specific measures were selected
for each indicator. The selection of these speaifeasures was based first upon the data that are
currently available. In some cases, the availdbka are less than ideal and in others there are
no data available at all. In these instances, camenended measure is provided. Some
indicators appear in more than one PSR diagram,naaualy indicators are clearly relevant to
more than one issue area. These overlapping todicahow the synergy between the issue
areas. Because the various lake segments hawrediffenvironmental challenges, often the
PSR models must be considered separately for ekehdegment. These considerations are
highlighted where applicable.

A. Issue Area: Phosphorus

Phosphorus is the nutrient that is presumed to owsmonly limit the growth of phytoplankton

in Lake Champlain. It has an important role infbthte ecological dynamics and the human use
and enjoyment of the lake; therefore, it forms lthsis for the first PSR model (Figure 3). The
LCBP has identified the management of phosphorumaesof its highest priorities. High levels
of phosphorus in lake waters can alter the comiposind density of both the plankton and
macrophytes in the lake. This increase in prinmpduction has myriad potential implications
throughout the food web, right up through the fteimmunity. Higher primary production can
also limit light penetration, impair oxygen levétsdeeper waters and lake sediments when this
biomass decomposes, and greatly affect the ddsiyaifithe lake for swimming and boating.

Ag Land Phosphorus _,| Chlorophyll Farm BMPs
. in Water a
An ima | : - Wastewater
Units Treatment
Phosphorus A
oad Mussels
Population Urban
\ BMPs
Phosphorus
Developed in Sediment
Land
Education

Figure 3: PSR diagram for the phosphorus issue area
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The PSR model for phosphorus specifies the majorces of phosphorus, the pressures, the
important state variables with respect to the mamnof phosphorus through the ecosystem,
and the primary management activities implementededuce phosphorus generation and
loading (Figure 3 and Table 3). The phosphoruseommations in Lake Champlain are the result
of the historical and current phosphorus load. &tiral phosphorus load has been augmented
by anthropogenic loading from human and agricult@etivity in the basin. This excess
phosphorus load is accelerating the natural proaflsie eutrophication.

Table 3: Indicators for the phosphorus issue area.

P .
Indicator S Available vear Source Ref Recommended Fr(_aq_uency
R Measure Measure (minimum)
US census
US: 1950 - data at Human population ~ Update
Ponulation Human population  2000; Holmes and | Figure b Iakepsep ment evgr 10
P by state/province| Canada: | Associates; 4 Zubwaterghe d egrs
2001 Statistics y
Canada
Developed Percent developed LandSat Fiqure Percent developed Update
lan dp P land by 1993 imagery; 95 land by every 10
subwatershed data at VCGI subwatershed years
Agricultural Percent LandSat Fiqure Percent Update
9 land P | agricultural land 1993 imagery; % agricultural land every 10
by subwatershed data at VCGI by subwatershed years
VT:2001-
Stocking density 2_002; VT AFM; : Stocking density Update
. . . . NY:1993- NYS Figure - .
Animal units | P| (animal units/ha) : . (animal units/ha) every 2
by subwatershed 2002, SWCC; ! by subwatershed years
QC:1998- QC ME
2003
Phosphorus Annual mean LCBP long- Table Annual mean
Iogd P | tributary P load by, 1991-2002| term bio- 4 tributary P load byl  Annually
lake segment monitoring lake segment
P in water Annual mean P LCBP long- Table Annual mean P
S | concentration by | 1991-2002| term bio- concentration by |  Annually
column L 5
lake segment monitoring lake segment
Lake segment LCBP long- Fiqure Lake segment
Chlorophylla | S annual average | 1991-2002| term bio- % annual average | Annually
chl-a monitoring chl-a
Concentration of Fiqure Concentration of Update
P insedimentf S P intop 10 cm of 1994 Hydroqual 99 P in top 10 cm of every 5
lake sediment lake sediment years
. . Biomass/m for Update
Aquatic | | Electronic data | 4qq8 5003| v pEC | P29® | areas lessthan 10 every 5
plants unavailable 24
m deep years
Zebra Data on adults Page Biomass/i for Update
S . areas lessthan 30 every 5
mussels unavailable 25
m deep years
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Phosphorus load
Percent of farms| VT:1996- . . reduction from Update
Farm BMPs and animal units 2003; N\\/(-;ASK/'\\//ICC Flggre implementation off  every 2
treated NY:2002 agricultural BMPs years
by subwatershed
Difference
between lake Update
Wastewater R Lake segment P 1991, VT DEC,; Figure | segment P load every 2
treatment load from WWTF | 1995-2002| NY DEC 11 from WWTF an
the TMDL years
allocated load
Percent of Phosphorus load
stormwater Page | . reduction from Update
Urban BMPs . 2003 VT DEC implementation off every 2
permits that have 26
expired urban BMPs by years
subwatershed
Phosphorus Page DO||!]ac.)I’SS sh%erztsf)n Update
Education R specific data LCBP 5 9 phosp every 2
; 7 oriented outreach
unavailable . years
and education

PRESSURE INDICATORS

There are two primary sources of phosphorus inwhtershed — people and animals. Every
individual person residing or visiting in the basjenerates approximately 1.6 grams of
phosphorus a day through normal physiology (Savwh#@34). Census data shows that the
resident population, and consequently the amourmthalphorus generated in the Champlain
Basin is increasing, particularly in the Vermontrtmn of the basin (Figure 4). To date,

population data for the Champlain Basin has beearatterized by ecologic-economic zones
(Holmes, et al. 1993) rather than by lake-segmeriwatersheds. From an ecological
perspective, population data accumulated by suliglegd would be more informative. This

could help identify areas where water quality isstrikely to be impacted by a growing human
population.

The resident population is not the only factor dmgider when assessing pressures from people.
Every tourist that visits the basin also generptessphorus. Tourism is a vital part of the Lake
Champlain Basin economy, but mangers must alsoidenshat promoting the growth of
tourism could also result in increased phosphooasling to the lake. Tourism brought an
estimated $3.8 billion to the basin in 2000 (LCB®?2); the overall contribution of these tourists
to phosphorus loading to the lake has not beentijieain

Knowing how many people are in the watershed allog/$o estimate how much phosphorus is
generated. This does not necessarily translate directly ptiosphorusoad, but it does indicate
the need for effective management to minimize lokdr example, the amount and the pathway
through which phosphorus is transported from thepfgeto the lake depend upon whether
resident’'s homes are sewered or have septic systBoth sewage treatment and septic systems
also vary in their effectiveness of phosphorus neatho
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Additional phosphorus is also generated by a grgwiaman population as a result of the land
area conversions necessary for living. In the L@&k@mplain Basin, both agricultural and
natural or forested lands are being converted v@ldped land. In 1993, when land use in the
Champlain Basin was last determined, developed Vel 5.6% of the basin. Although still a
relatively small percentage of the overall watedshiae amount of developed land has been
increasing over the last few decades.
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1950 1960 1970 1980 1990 2000

ONew York mVermont 0OQuebec*

Figure 4: Lake Champlain Basin resident population(data from 2001).

Developed land contributes more phosphorus on amer basis than agriculture and other land
uses (Hegman et al. 1999). Vermont has a largeeptage of the resident population in the

Lake Champlain Basin than New York, and contains slubwatersheds with the highest

percentage of developed land. Burlington Bay, Qlmele Bay and St. Albans Bay are the lake
segments that have the highest percentage of gmeland (Figure 5). In just these three small
lake segments, there are a total of 7,000 ha ofldped land. These lake segments have five
times more developed land than the Main Lake sutnsiaéd, the largest of the thirteen lake

segments.
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% Developed

Figure 5: Percent of lake segment subwatershed ardiaat is developed land
(based on 1993 Landsat data).

While more phosphorus is generated on developetl dana per acre basis, more of the total
nonpoint phosphorus load is derived from land ugedagricultural activities (Hegman et al.
1999). A simple indicator of the pressure on thkel segments of Lake Champlain from
agriculture is the percent of the subwatershedyricaltural land use (Figure 6). However, there
is a broad range of specific land uses, with vayyintensities and environmental impacts,
included in agricultural land use as the categenysed here. Therefore, additional indicators are
necessary to more fully characterize the pressareaie Champlain resulting from agricultural
activity.

The major sources of phosphorus in agriculturabfuare fertilizers and animals. The most
significant of these animals are dairy cows. Rness on the Lake Champlain ecosystem
resulting from agricultural activity can also belicated by the number of animals (measured as
“animal units,” each 1000 pounds) and the numbdahs and in each subwatershed. Studies
of the agriculture in the region suggest that wthike number of dairy farms is likely to continue
to decrease through the next decade, the numbaniofal units on each farm is likely to
increase (LaDue et al. 2003).
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Figure 6: Percent of lake segment subwatershed agricultural land use
(based on 1993 Landsat data).

Increasing animal density, or an increase in atitical intensity, increases the potential for
nutrient losses from agricultural land (Watzin, adt 2003c).  Although difficult with the
currently available data, examining agriculturakemsity in the basin provides a more complete
understanding of the pressure resulting from aljtcal activity than either animal units or
agricultural land use alone. Land use was lastsored basin-wide in 1993. In Vermont, farm
and animal unit data are collected continuouslganjunction with Best Management Practice
(BMP) tracking programs. In New York, farm datare/ collected in 1993-1995 for the rotating
river basin study program. This database has beeated since with an emphasis on larger
farms that are implementing BMPs. Quebec is diseeloping a database on farm practices
through a farm by farm inspection program that wiio identify problem areas. Although the
current agricultural data are better than they éase been in the past, they still may not fully
account for farms (and animal units) not partidgipatn cost share programs or for changes in
farm densities or operations since BMPs were cotdgth Nevertheless, an estimate of stocking
density was calculated using the available dafdthough both stocking density and number of
farms could both be used to indicate agricultunénsity (Figure 7), because stocking density
relates more directly to the amount of phosphoersegated in the watershed and likely spread
on the land (see review in Watzin et al. 2003d} the better specific measure.
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Figure 7: Agricultural intensity by subwatershed,measured as stocking density (1000
pound animal units per hectare of agricultural land [shown with bars] and number of
farms [shown with diamonds].

In the 1993 Water Quality Agreement between New kYovermont and Quebec, all
jurisdictions agreed to a common set of in-lake gpi@rus concentration criteria that are the
basis for the Lake Champlain Phosphorus TMDL and phosphorus loadings targets
established for each tributary watershedpportunities for Action (VT DEC and NYS DEC
2002). In a first look at trends in phosphorugling to the lake from 1990 - 2000, Medalie and
Smeltzer (2004) found that phosphorus loads haveaireed above the TMDL-derived
acceptable levels in all tributaries except the |lat® River, which flows into Shelburne Bay
(Table 4). Although the phosphorus loads from saotteer tributaries show a statistically
significant declined over the first 10 years of ntoring, no tributary watershed has yet met the
loadings target. In five tributaries, the presduoen tributary phosphorus loading is increasing.
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Table 4: Phosphorus loading from major tributaries(from Medalie and Smeltzer 2004).

1999-2000 Derived
Lake Segment Tributary Estimated Load at | Target Load Trend
Mouth (mt/yr) (mt/yr)
Poultney 35.6 13.2 None
South Lake B Mettawee/Barge Cana 56.8 29.9 None
South Lake A Putnam 1.9 1.2 Increasing
Otter 110.7 46.9 Decreasing
Otter Creek Lewis 11.2 3.9 None
Little Otter 9.1 4.0 None
Winooski 154.2 73.4 None
: Bouquet 23.4 12.7 Increasing
Main Lake Ausable 45.5 13.7 None
Little Ausable 7.8 4.2 None
Shelburne Bay LaPlatte 5.1 7.1 Decreasjing
Cumberland Bay| Saranac 24.8 13.3 Increasing
Mallets Bay Lamoille 54.5 25.9 None
Great Chazy 34.0 15.8 Increasing
Isle LaMotte Little Chazy 8.4 3.0 Increasing
Missisquoi Bay M_issisquoi 128.0 49.2 None
Pike 41.4 27.3 None

STATE INDICATORS

The premise of phosphorus management is that gabemic inputs of phosphorus promote
increased algal growth and premature eutrophicatidnch impairs human use and enjoyment
of Lake Champlain (Vollenweider 1968, Rechow and@h 1983, NRC 1992, Smith 1998). In
keeping with this, both phosphorus and chloroplaylare appropriate and important state
indicators. Chlorophylh can be used as a general measure of the dengutyytdplankton in
the water.

The in-lake phosphorus criteria are annual avetaigd phosphorus concentration goals for each
lake segment. These in-lake criteria are, by @@n, the acceptable levels of phosphorus for
Lake Champlain. The criteria are based upon o#laliips established between human use and
enjoyment of the lake and average phosphorus ctratiems in the water (Smeltzer and Quinn
1996).

Total phosphorus and chlorophylhave been measured regularly at thirteen lake toromg
stations throughout Lake Champlain since the eE880s. These long-term biomonitoring data
are used to characterize the state of the ecosystdnregards to phosphorus and to measure
progress towards the in-lake criteria. Medalie 8ntkltzer (2004) examined long-term trends in
phosphorus concentrations in the lake and foundctbrecentrations were consistently above the
in-lake criteria during 1990-2000 in the Main Lasuth Lake A, St. Albans Bay, the Northeast
Arm, and Missisquoi Bay lake segments (Table 4hlofphyll a concentrations in the lake
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have also varied over time. In the Main Lake, ansistent trend in phosphorus concentration is
evident through 2002 (Figure 8), but consideraldeability in these measures exists. This
variability will make trends detection difficult iall lake segments.

Table 5: Annual mean lake segment TP concentratienin 1990, 2000, and 2003.
Trends (from Medalie and Smeltzer 2004).

In-lake

Criteria 1990 Mean | 2000 Mean Trends 2003 Mean
Lake Segment| (pg/L) TP Conc. TP Conc. | (1990-2000 only)] TP Conc.
South Lake B 54 57 52 Decreasing 52
South Lake A 25 37 36 None 44
Port Henry 14 13 16 None 14
Otter Creek 14 14 -- 15
Main Lake 10 11 11 None 9
Shelburne Bay| 14 15 -- 11
Burlington
Bay 14 12 13 None 10
Cumberland
Bay 14 14 13 None 12
Mallets Bay 10 9 11 Increasing 11
Northeast Arm 14 12 19 Increasing 19
St. Albans Bay 17 25 31 Increasing 31
Isle LaMotte 14 11 14 None 13
Missisquoi
Bay 9 - 36 38 None 44

Main Lake

; VAN

N /N

) /\\\/ '\\
Z A\

Chl-a

1995 1996 1997 1998 1999 2000 2001 2002

‘—Q—Annual Awverage —— Standard Deviation ‘

Figure 8: Annual average chlorophylla concentration measures at Station 19 in the Main
Lake, with standard deviation.
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The concentrations of phosphorus and chloropayti the lake water are influenced by many
components of the ecosystem. Some of the phospla@iivered to the lake is in the particulate
form, settles to the bottom of the lake and iseston the sediments. Depending upon water
depth and relative difference in the concentratdrphosphorus in the sediment and in the
overlying water, and the oxygen concentration aedchemistry of the sediment, phosphorus
delivered to the sediment can be resuspended apded back into the water column where it
may become available to phytoplankton.

The concentration of phosphorus in the sedimenbtsmonitored regularly in Lake Champlain
nor is its role in lake phosphorus dynamics welrelsterized. One study of benthic phosphorus
cycling was conducted in the mid-1990s (HydroQuat, 1999). As part of this study, TP was
measured from sediment cores collected at vari@k® Imonitoring stations (Figure 9).
HydroQual, Inc. (1999) found that phosphorus resosn was greatest in eutrophic lake
segments. For some lake segments, internal phosphmading from the sediments may be a
key process in maintaining high phosphorus conagotrs in the water column. In the
following section we describe our modeling effortshich clearly shows that internal
phosphorus loading is an important process inagt IMissisquoi Bay, and probably some other
lake segments as well (for example, the South laakkSt. Albans Bay). However, further
studies are necessary to characterize this asptet take ecosystem.
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Figure 9: Average total phosphorus in top 10 cm dake sediments from stations at or near
the long-term biomonitoring sites (calculated fromdata presented in HydroQual,
Inc. 1999). Although in some cases multiple sitegere sampled in the HydroQual
study, only the site nearest the long-term monitorig site is included in this graph.
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The presence of aquatic plants, or macrophytesalsaninfluence the utilization of phosphorus
by phytoplankton. These rooted plants remove phags from the sediment and also reduce
light penetration in the overlying water columnn Yermont, VT DEC has been conducting
regular plant surveys to track the spread of wakestnut in the South Lake since 1998 and
scattered earlier data exist. These surveys ieclgdalitative assessments of native and
nonnative plant densities but the data have nobgeh compiled into an accessible format. No
data were found in New York. Because the growtlagiatic plants can be a key source of
phosphorus storage and regeneration, we recomnmatdnformation on the distribution and
abundance of aquatic plants, particularly in shallake segments, is necessary for a more
complete understanding of phosphorus dynamics.

Finally, zebra mussels may also be influencing walarity, at least in the segments of Lake
Champlain where zebra mussel density is high. I®hg-term monitoring program only tracks
veliger and new recruit densities, not adult déssithowever, there is an increase in water
clarity in the South Lake, where zebra musselsdaddfirst and presumably have reached their
highest adult densities (VT DEC 2004). Zebra migsaee filter feeders; they feed on plankton
that they remove from the water column. Large céidus in phytoplankton biomass have been
observed in the Hudson River (Pace etl8P8; Baker et all998), Lake Oneida (ldrisi et al.
2001), and Saginaw Bay, Lake Huron (Fahnenstiellet1995) following zebra mussel
proliferation in those systems. In Lake Champlaiebra mussels are probably also reducing
phytoplankton biomass, which might appear not oady increased water clarity, but also
decreases in chlorophwl

Zebra mussels can also change both the concentiatid the form of phosphorus in the water
column. Increases in soluble reactive phosphong tatal soluble phosphorus have been
observed in several instances of zebra musseldunttmn (Heath et al1995; Holland et al.
1995; Arnott and Vanni 1996; James et2001). In laboratory experiments using a natural
plankton community from Lake Champlain, Brines (2D@emonstrated an increase in soluble
reactive phosphorus and total nitrogen, and a deeren TN:TP ratios, chlorophyla
concentration, and total phytoplankton biovolume 2@0-liter aquaria with zebra mussels
compared to those without. However, because tharently is no lakewide data on adult zebra
mussel densities, the implications of these chafggshosphorus management are unclear.

RESPONSE INDICATORS

Because the in-lake phosphorus concentration ierisee exceeded in many lake segments, the
Lake Champlain Basin Program has focused on maramgeactivities to reduce the pressures
that result in phosphorus loading to the lake. sguees resulting from agriculture are reduced
through the implementation of BMPs. These BMPsehasen applied throughout the basin and
can be tracked by farm or by animal unit (Figuré. 1Blissisquoi Bay, Otter Creek, South Lake
B, Main Lake and Isle La Motte are the lake segmenith the greatest pressure from
agriculture.

Ideally, BMPs will be implemented on all farms letLake Champlain Basin needing them. In
2000, an analysis looking at the load reductiomas thight be achieved through implementation
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of BMPs on all these farms suggested that the woureadits for practices associated with

manure management may overestimate the real redscin phosphorus load; for some

watersheds, a negative load was generated whemgbi®ach was taken (Donlon and Watzin
2000). In the future, the phosphorus load redustiased as measures for the agricultural BMP
indicator should be adjusted to correct this pnoble

Because the phosphorus problems are most extrerttee iSouth Lake, St. Albans Bay, and
Missisquoi Bay, the greatest improvements in wajeality in the lake might come from
targeting farms for management in these area2004, priority for cost-share dollars has been
given to the Missisquoi and St. Albans watershedsgermont. The Province of Quebec has
also made Missisquoi Bay a target area and hastedan both technical assistance through
agroenvironmental advisory clubs, and a varietynepection and regulatory control programs.
Ideally, response indicators should track the Ricedns associated with all these efforts.

100

% Treated

‘lAnimaI Units m Farms ‘

Figure 10: Percent of farms and animal units wher&MPs have been implemented.
* Missisquoi Bay shows only the Vermont portion othe basin because BMP data
for Quebec were not available.

The human population in the basin generates batit pad nonpoint source phosphorus; point
source phosphorus through household sewerage arsleweder, and nonpoint source
phosphorus through runoff from the developed lahdt tsupports the human population.
Wastewater treatment facility upgrades have beenptimary management action to reduce
point source phosphorus inputs into Lake Champlahks. with tributary nonpoint phosphorus
loads, acceptable wastewater treatment facilityddodor each lake segment have been
determined as part of the Lake Champlain phosphofit®al Maximum Daily Load (TMDL)
allocation (VT DEC and NYS DEC 2002). The phospisoload from wastewater treatment
facilities in Vermont has declined substantiallgcg 1991 (see Figure 11). As of 2002, Mallets
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Bay was the only lake segment in Vermont exceeds g MDL wastewater treatment facility
phosphorus load allocation.

Although all wastewater treatment plants have &cated load in the TMDL, many treatment
plants acre currently discharging significantlydwelthis load. This was a way for the states to
allow development to continue to occur in growtreas;, however, it means that actual
phosphorus load to Lake Champlain from point sairceuld increase in the future. This
increase will have to be offset by reductions frdme nonpoint source load if the in-lake
concentrations in Lake Champlain are ultimatelpecachieved.
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Figure 11: Wastewater treatment facility phosphors loads in Vermont for selected lake
segments from 1991 and 1995-2002 compared to lodtbeation in phosphorus TMDL.

Developed land is a major source of nonpoint soytoesphorus associated with the human
population. At the national level, the amount eveloped land almost quadrupled between
1954 and 1997, from 18.6 million acres to aboutni#lion acres in the contiguous 48 states.
Between 1982 and 1992, the amount of developedilanide state of Vermont grew by more

than 25%, about twice the rate of population growtthihe state (Vermont Forum on Sprawl

1999). Chittenden County in Vermont had highet od growth of developed land, at 40%, and
the second highest rate of population growth, auat4%.

Because the impervious surfaces that go along with development prevent rainwater

infiltration and adsorption of nutrients in the Isaleveloped land generates a high phosphorus
load. Stormwater management is one approach teeeithe phosphorus and other pollutants in
runoff.  Although there are very few data avaiabh stormwater management in the basin,
many developments are required to have a permgtvmwater discharges into surface waters.
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The purpose of the permits is to ensure that sta@tems treated in order to reduce the impact to
freshwater ecosystems. In 2003, eighty-eight peroéthe 1872 stormwater permits issued in

the state of Vermont had expired. Although thiegimot necessarily mean that all these
stormwater treatment systems have failed, it deggest that some might not be operating

efficiently or effectively. In Vermont, the newosmwater law passed by the legislature in

March 2004 will require that all expired permitsuggdated. No data on the status of stormwater
permits in New York was available.

Another potential source of nonpoint source phogghdrom developed land is failed septic
systems. Although on a watershed-wide basis, BumtiMeals (1994) estimated that the inputs
of phosphorus from failed septic systems is likelype minor, in some specific areas, the local
impacts could be significant. The shoreline arotmer Mallets Bay, for example, has a high
density of development on poor soils for septideys. Many systems are old and this situation
may be contributing to localized problems in thisaa(Budd and Meals 1994). For the Mallets
Bay lake segment, an indicator related to the nundjefailed septic systems might be
considered, but such as indicator is probably esetled lakewide.

A variety of education efforts have been undertakgrthe LCBP to address nonpoint source
pollution, including most recently, a lawn care ¢divare and a series of posters about residential
sources of nonpoint source phosphorus. Althougis iextremely difficult to calculate the
loadings reductions that come from such activiteagareness is the key to changes in personal
behavior, and reducing phosphorus in the humart poith nonpoint source waste stream.

SEMI-QUANTITATIVE PHOSPHORUS MODEL FOR LAKE CHAMPLA IN

Although our Pressure — State — Response framefworphosphorus (Figure 3) includes the
major biotic, abiotic and managerial componentseasary for a basic understanding phosphorus
dynamics in Lake Champlain, it does not provide mmsight into the relative importance of the
numerous ecosystem components and pathways of Ipbrasptransport and transformation.
Computer models can provide a quantitative inftecstre for analyzing such complex
ecosystems and help guide the process of thinkiogitanatural dynamics, indicator selection
and management options. We developed the Phospkanlegical Indicator (PEI) model for
just these purposes.

The PEI is a simple dynamic mass balance modelwhatcreated using STELI®Asimulation
software (ISEE Systems). The model is a dynamicsniedance accounting procedure that
follows, over time, all important storage and majgouts and outputs of phosphorus for a given
lake segment. The PEI model is deterministic beeao variability is associated with the model
inputs or with any of the internal computations.oddl inputs that define the characteristics of
both the watershed and the lake segment are amweshges or totals from which monthly
average values of phosphorus storage, fluxes aadpplorus and chlorophydl concentrations
are calculated. The model tracks, over time, changthe magnitude of phosphorus storage,
fluxes and phosphorus and chlorophg/itoncentrations in a lake segment. All simulationsru
were for a period of 20 years. The model is irligighalibrated so that calculated water column
phosphorus levels correspond to average phosphoonsentrations from the long-term
monitoring data (VTDEC 2004).
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Even though the PEI model is extremely simple,ragrenmental models go, it is very flexible.
All model inputs can be changed at any time in #imaulation run to emulate changing
conditions or to simulate implementation of somes meanagement condition in the watershed.
However, the model does not simulate seasonal €yelendividual events. The model also does
not consider the effects of natural factors that stess lake ecosystems with regard to the
impacts of phosphorus pollution.

All computer models are merely a set of mathembaikcgprithms that are organized to describe a
prescribed problem. The models are driven by dag define modeling conditions and by
calculations made by the computer based on the Inadglerithms. The best available state-of-
science algorithms for the Lake Champlain Basinewesed in the PEI model. The data entered
into the PEI model are derived, in as much as ptessfrom local monitoring programs and
research studies and, when necessary, from thatlite. These data are estimators of various
aspects of the biotic and abiotic character oflélke segment, pressure indicators and response
indicators. In some cases local data, estimatorgaabus aspects of the biotic and abiotic
character of the lake segment, were minimal andesams highly variable. A discussion of
many data required by the PEI models is given ipeklix B.

There are many factors that tend to stress a led®ystem with respect to phosphorus; some are
natural with much inherent variation and cannotcbetrolled by management efforts while
others result from anthropogenic activity and cenntanipulated by management. The natural
factors include sunlight, air and water temperatuvand and precipitation (Table 6). All such
factors can fluctuate considerably over time andeEAROT incorporated into the deterministic
PEI models. The human factors, or pressure indisatand internal loading factors ARE
incorporated into the PEI models. The major pressudicators in the PEI model are listed in
Table 7. Appendix A provides more detailed informatfor many parameters input into the PEI
models.

Table 6: Natural stressors that can influence lakecosystems and the outcomes
of phosphorus pollution. These stressors are not@orporated into the PEI model.

Natural Factors Remarks

1. Sunlight Intensity and Amount Influences plalgighgrowth in presence of needed
nutrients. Not incorporated into the PEI model.

2. Air and water temperatures Influences plantiaigawth in presence of needed
nutrients and water exchange patterns. Not
incorporated into the PEI model.

3. Wind direction and intensity Influences watecleange patterns. Not incorporated
into the PEI model.

4. Precipitation amounts & patterns Influences wakehange patterns and timing of
inflows to lake segment. Not incorporated into the
PEI model.
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Table 7: Factors that can stress lake ecosystemsdainfluence the outcomes
of phosphorus pollution and which are incorporatednto the PEI models. Human factors
are pressure indicators while internal loading faabrs are those associated with the cycling

of phosphorus between the water column and the batin sediments.

Human Factors
(Pressure Indicators)

Remarks

1. Human Population
a. No. of equivalent full time residents
b. Rate of population change

Influences P discharges in liquid & solid wastesl ghe
amount of land in basin converted from forestry and
agriculture to urban land. Influences amount of swrcial &
industrial development and urban non-point sounaeoff.
Typically causes a slow but relentless increasetian runoff
and point source discharge since population groveth
typically not controlled. Total population and ratef
population growth are indicators incorporated itive PEI
model.

2. Land Resources
a. Land use type (Ag, Forest, Urban)
b. Area in each land use
c. P export coefficients

Influences the amount of P exported from land areal
different use. P export coefficients specific tce thake
Champlain Basin are incorporated into the PEI model
however, the model does not account for changeoinPs
content due to BMP implementation on agriculturahds.
The PEI model simulates different patterns of urbamwth
so that change in amount of land area in each asgary is
tracked over time as a function of population glowPEI
model does not explicitly track change in the numbé
domestic animals on farms over time.

'

Internal Loading Factors

1. Sediment TP Assay
2. Sediment Bulk density
3. Sediment depth

Determine the mass of TP stored in the bottom sexlisnand
hence the rates at which phosphorus moves frorsetiienent
to the water column. Determines the proportion hef TP

4. TP settling rate inputs that settles onto the lake segment bottom.

5. TP diffusion/resuspension rate constant

The PEI model tracks two state indicators with egspo phosphorus; the monthly average total
phosphorus (TP) concentration in the water columa e monthly average concentration of

chlorophyll a. Whenever the value of a pressurécatdr that drives the PEI model is changed,
the concentrations of TP and chloroplylh the lake segment may also change. Specifically,

or one of the following indicators of pressure ta@changed: rate of population growth, sewered
vsS. unsewered populations, wastewater treatmentt méiciencies, urban growth patterns

(sprawl vs. high-density), agricultural erosion andrient management and urban erosion and
storm water management. In reality all these pressahange over time usually more or less
simultaneously so that existing monitoring programase difficulty separating the impacts of

any change due to an individual response. The Pé&dleincan emulate these real world

conditions but, unlike most on-ground monitoringggmams, can also evaluate change in the
state of a lake segment due to an individual managéresponse that might be taken.
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Phosphorus Mass Balance for Lake Segments

Figure 12 is a schematic compartment-flux diagrémat tllustrates for a lake segment the
concept of mass balance upon which the PEI modelssd. Phosphorus enters the lake segment
water column through direct surface runoff from anmp forested, and agricultural areas that
drains into the lake segment (red arrows on Fidg@eand therefore can be controlled through
implementing land-based management programs. Sénme anputs to the water column come
directly from the watershed (non point source amihipsource loads). Those inputs from
adjacent lake segments (black arrows on Figureiri2dvective and exchange flows are less
amenable to control through management. Phosplatsosenters the water column from lake
bottom sediments. Phosphorus is output from the Bdgment water column in advective and
exchange flows with adjoining segments and by #tdirsg of phosphorus-laden particles onto
the lake floor. Phosphorus can be removed from llogom sediments by harvesting
macrophytes, dredging or containing the phospheghat it cannot move into the water
column. Management of the internal cycling of phasps, although technically possible, may
not be environmentally acceptable.

Mass balance accounting of phosphorus by the PHEenfar a lake segment involves, for both
the water column and bottom sediments, simultadg@usnming up all phosphorus inputs, all
phosphorus outputs and then determining, on a rhob#sis, whether the summed inputs are
greater or less than the summed outputs: justthikeend-of-the-month checkbook balancing
routine we all go through. If, for example, inpetsceed outputs for both the water column and
bottom sediments then the amount of stored phosghmcreases for both. For the water
column, this translates into increased phosphonreeantration while increased amounts of
phosphorus in the sediment are likely to increassrmal loadings of phosphorus. The concept of
mass balance is explained in some detail in AppeBdi

Lake Champlain is a collection of 13 interconneqgbgsically unique smaller segments. Some
are highly interconnected with adjacent segmentthablarge amounts of water are exchanged
while others exchange little water with adjacergnsents. Some have relatively long retention
periods while others have short retention periofisus, even though each lake segment
processes phosphorus generally according to trenseloutlined in Figure 12, the magnitude of
phosphorus storage and movement into, within aricbthe lake segment varies according to
the unique physical character of the segment ancoitributing watershed. Consequently, each
segment responds differently to the pressures a$gtorus pollution.

Some of the consequences of these differencesecardmined with the PEI model. However,
there were insufficient resources available throtlgh project to model each of the 13 Lake
Champlain segments. Therefore, consistent withlawai resources, we chose to develop a PEI
model for three lake segments. We chose the MjgsisBay, Shelburne Bay, and Main Lake
segments to serve as case studies because thegramdifferent in their physical characteristics
and watershed development.
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Figure 12: Schematic compartment-flux (CF) diagranmshowing the major pathways for

the input and output of phosphorus for a lake segme. The boxes represent phosphorus

storage in the water column and bottom sediments dhe lake segment. Arrows crossing

the segment boundary and pointing to a box are inpufluxes (loads) of phosphorus while
arrows crossing the segment boundary and pointingdm a box are output loadings of

phosphorus. Phosphorus input due to atmospheric degition is not considered in the PEI

model. All fluxes (arrows) have units of mass /timegphosphorus storage (boxes) has units

of mass or mass/volume (concentration).
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Missisquoi Bay is very shallow, drains an agrictdtuwatershed, and is essentially disconnected
from the rest of Lake Champlain. Shelburne Bayesp] drains a watershed that is increasingly
urban and suburban and is closely connected wehMhain Lake and Burlington Bay lake
segments. The Main Lake segment is very deepctbirelrains only a relatively small
watershed area and is very closely connected toeraum other lake segmenihe physical
characteristics of these segments are summariZtabile 8.

Table 8: Summary of important physical characterisics of the Missisquoi Bay, Shelburne
Bay, and Main Lake segments in that drive dynamic posphorus mass balance
computations in the PEI models. (*computed in PEI radel based on lake segment
surface area and volume from Smeltzer 1999)(**fronEmeltzer 1999)

Parameter (units) Missisquoi Bay | Shelburne Bay | Main Lake
Average Depth* (meters) 2.8 14.6 40.5
Advective Outflow** (hm3/year) 2039 79 9402
Exchange Flow** (hm3/year) 297 4816 75034
ExchQ/Adv Q Ratio* (dimensionless) 0.15 62.5 8.0
Retention Period based on

advective outflow* (years) 0.100 1.77 1.79
Retention Period based on

total outflow* (years) 0.088 0.028 0.224

The deterministic PEI models are not quantitatored¢asting models nor do they produce output
that is amenable to statistical evaluation and Biasmodel outputs ought not be viewed in that
manner. The models are mass balance accountingestuhat generate trends, over a 20 year
period, for parameter outputs (i.e., water colurhogphorus and chlorophydl concentrations).
Values of these outputs for different managemeetratives can be compared at, say the end of
a 20-year simulation run, by some percentage eifieg but statistical comparisons are not
appropriate. Similarly, the trend lines for thesgpoits can be compared, for example, are they
increasing or decreasing, or by average trenddiapes, but again, statistical comparisons are
not appropriate.

The strength of these deterministic models is tladility to ask questions about different
scenarios and to evaluate the relative contributiodifferent factors to future conditions. The
PEI models can be used to examine questions li&e ‘thight we expect the TP concentration in
the water column of a given lake segment change twe next 20 years if a particular
management alternative is implemented?” Do we exé#t concentration to increase or
decrease, a lot or a little? Should other managemiéernatives be considered? Is a particular
management alternative worthy of receiving addalostudy? Are there additional options to
move towards some management goal?
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The Main Lake Segment

The Main Lake segment is, by far, the largest segrokLake Champlain, yet only a relatively
small land area (about 504,250 ha) drains direictly it. About 205,000 people live in the
watersheds that drain directly into the Main Lakgmeent. It has an average depth of about 40
meters. The Main Lake segment is directly conrmettesix other lake segments, namely the
South Lake, Shelburne Bay, Burlington Bay, Mall&&y, Cumberland Bay and Isle LaMotte
segments. Each of these connecting segments Haeetave and exchange flows with the Main
Lake, therefore, there is considerable mixing iis tlhake segment. Based on the advective
outflow, the Main Lake segment has a retentionqueof about 1.8 years. However, the ratio of
the total exchange flow (sum of the advective axchange flows) to the advective outflow to
the Isle LaMotte segment is about 8:1, thus, theahcetention period in the Main Lake is only
about 0.25 years. The flow from the South Lakersag is the largest component of exchange
flow entering the Main Lake. Consequently, the ewajuality of the Main Lake segment, a
“collective average” of the water qualities of th@rious advective inflows and exchange flows
with the connecting lake segments, should rathécktyureflect major changes in the water
gualities of these adjoining segments. The intecyaling of phosphorus from the sediments to
the water column is expected to be about 2.2 %/géarP stored in top 150 cm of bottom
sediment.

Values of some input parameters for the PEI motigtle@Main Lake segment are summarized in
Table 9. These parameter values reflect the cuo@mditions for the watershed area that drains
directly into the Main Lake segment. At a sustdipepulation growth rate of 1.2%l/year, the

Main Lake PEI model calculates an increased pojpumlatf about 56,000 people by the year

2020 (from 204,000 to 260,000) for the Main Lakdewshed area. This 27% population growth
increases the amount of urban land area by abd%t \@bile the areas devoted to forests and
agriculture decrease.

PEI model Simulation Run ML1 suggests that, if eatrconditions persist for the next 20 years,
phosphorus loadings from urban runoff and pointreeal increase substantially (about 27-28%
each). These increases in phosphorus loadinghamirect consequence of a 25% population
growth assuming that society does nothing more thaow does to treat its wastewater and
manage its land resources.

The input of phosphorus to the Main Lake segmenihénexchange flows from the six adjacent
lake segments is estimated by the PEI model tbabtaut 1138 mt TP/year, a little more than 10
times the amount of phosphorus that enters fromnidsershed itself. Consequently, the water
guality in the Main Lake segment is predominataigteolled by the collective water qualities in
the exchange flows from the adjoining lake segments

The Main Lake PEI model assumes that the TP corateris in the advective and exchange
flows from adjoining segments are the average wah&sed on monitoring data and remain
constant over the 20 years of each simulation Harreality, monitoring data appear to indicate
that water column TP concentrations are decreasisgme segments while increasing in others
(Medalie and Smeltzer 2004).
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Table 9: Some input parameter values and phosphosuoadings for the Main Lake
segment. The items marked with an asterisk are ings to the PEI model that define
current conditions (ca. 2000). All other values wexr computed with the Main Lake PEI
model assuming all conditions in the watershed thatrains directly into the Main Lake
remain unchanged over 20 years except that populatn grew 1.2%/year.

This is Simulation Run ML1.

Parameter Units Current 20 years in future
Population No. people 204,860* 260,400
Rate of Growth %lyear 1.2* 1.2
Urban Land Area ha 35,390* 44,180
P Export Coeff kg TP/halyr 1.50* 1.50
Agr Land Area ha 49,180* 45,390
P Export Coeff kg TP/halyr 0.42* 0.42
Forest Land Area ha 419,680* 414,680
P Export Coeff kg TP/halyr 0.04* 0.04
Nonpoint Source TP Loads as calculated by the PEI odel
Agricultural mt/year 20.65 18.56
Forestry mt/year 16.79 16.59
Urban mt/year 53.09 68.08
Point Source TP loads mt/year 11.68 14.85
Total TP load to Main Lake
directly from watershed mt/year 102.21 118.08
Total TP load to Main Lake
from advective and exchangge
flows mt/year 1,138.40 1,138.40

Figure 13 shows the sensitivity of Main Lake TP @amtration over 20 years to the
implementation of phosphorus management prograatsréiduce phosphorus input to the Main
Lake segment. If current conditions persist, aotiog for population growth, Main Lake TP
concentration increases from 11.4§/L currently to 13.04.g/L in 20 years (Simulation Run
ML1). If phosphorus management programs are imefged in year 5 to reduce by 70% the
current agricultural and urban phosphorus loadfogshe watershed that drains directly into the
Main Lake, a very aggressive management scen&golMain Lake TP concentration shows a
rather quick 0.5ug/L decrease then continues to increase to 12083 by year 20 (Simulation
Run ML2). Thus, it appears that management progiemptemented only in the watershed that
drains directly to the Main Lake may make littledpterm difference in the TP concentration in
the waters of the Main Lake.

If management programs reduce agricultural andruffa loads by 70% in theatershed that
drains directly into the Main Lake AND, as welldtee the TP content of South Lake waters by
0.5 ug/L /year between years 5 and 10 (Simulation RuBMIP concentrations in Main Lake
waters decrease from 12.48/L in year 5, to 10.2}dg/L in year 20. However, between years 10
and 20, the TP concentration increases becausendinaing population growth. Based on a
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comparison of these scenarios, it seems that therwgaality in the Main Lake is far more
sensitive to change in South Lake water qualityntha watershed management responses
designed to limit TP discharge from just the Maaké watershed itself.

Main Lake
16
, -
£
E 12 9 i
=
[ )
=
- -
L] Implementation
& of P reduction
programs
8
0 5 10 15 20
Years
Sumulation Sumulation Sumulation
Run No. 1 Run No. 2 Run No. 3

Figure 13: Sensitivity of average monthly TP conceration in the water column of Main
Lake segment to alternative phosphorus managementanarios as computed with the PEI
model. Simulation Run ML1 assumes a 1.2%/year popation growth rate, that urban
development patterns continue as at present, andrid and wastewater management
remain unchanged over the 20 years. Simulation RuNL2 is the same as ML1, except that
the TP in agricultural and urban runoff is reduced by 70% in year 5. Simulation Run
ML3 is the same as ML2 except that the TP concentt@an in the South Lake segment is
also reduced 0.9ug/L each year between years 5 and 10. The PEI mdad®mputes
nonpoint source TP loads based on current agricultal, urban and forestry TP export
coefficients of 0.42, 1.50, and 0.04 kg TP/ha/yeaespectively. The error bar is the average
standard error of monthly mean TP concentrations deermined from monitoring data.

Monitoring data collected on the Main Lake betwd®92 and 2000 show a distinct seasonal
pattern in monthly mean TP concentrations and demnable variation among average annual
and average monthly mean values. The standard @rtbe monthly mean TP concentrations
varied over the seasonal cycle, averaging aboupd/l2 When this variation is viewed as an
error bar within the context of Figure 13 it apedhat it may be difficult to distinguish
differences in the average monthly TP concentratioetween simulation runs ML1 and ML2.
Thus, these simulation runs suggest that the uS& afoncentration as the primary indicator for
the measuring change in the state of lake polluti@y not provide sufficient sensitivity to
detect subtle concentration trends or differencesthe Main Lake resulting from the
implementation of management responses. In aletBmnulations, the long-term trend in TP
concentrations is upwards. Additional study isdeekbto assure that the Main Lake monitoring
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data are collected and analyzed in ways most liteeljetect small changes in TP concentrations
over time.

The Shelburne Bay Lake Segment

Shelburne Bay, with an average depth of 14.6 métaile 8), is not as deep as the Main Lake
segment but deeper than the Missisquoi Bay segiéaiier column TP concentrations average
about 15ug/L, somewhat higher than the Main Lake segmenthe Tnternal loading of
phosphorus in Shelburne Bay is probably similath® Main Lake. The waters of Shelburne
Bay are believed to be substantially mixed by ergeaflows with both the Main Lake and the
Burlington Bay segments (Manley, personal commuimog These exchange flows are some
60X greater than the advective flows leaving ShelbuBay (Table 6). The average retention
period for Shelburne Bay, based only on the adveatutflow, is around 1.75 years. A more
realistic retention time based on the total outfi@xchange + advective flows) is about 0.028
years (Table 6).

The Shelburne Bay PEI model is functionally ideaitio the Main Lake PEI model but is run
under conditions that define the unique physicaratter of Shelburne Bay and current levels of
human activity in the Shelburne Bay watershed. dureent values of these parameters are listed
in Table 10 along with levels estimated by the Blwle Bay PEI model for 20 years in the
future assuming a 2.4%l/year population growth ewtlatershed.

Table 10: Some input parameter values and phosphos loadings for the Shelburne Bay
segment. The items marked with an asterisk are ings to the PEI model that define
current conditions (ca. 2000). All other values we computed with the Shelburne Bay
PEI model assuming all conditions in the watershethat drains directly into Shelburne
Bay remain unchanged over 20 years except that pofation grows 2.4%/year.

This is Simulation Run SB1.

Parameter Units Current 20 years in future
Population No. people 20,000* 32,320
Rate of Growth %lyear 2.4* 2.4
Urban Land Area ha 4,130* 6,340
P Export Coeff kg TP/halyr 1.5* 1.5
Agr Land Area ha 6,600* 5,490
P Export Coeff kg TP/halyr 0.42* 0.42
Forest Land Area ha 5,580* 4,470
P Export Coeff kg TP/halyr 0.04* 0.04

Nonpoint Source TP Loads as computed by the Shelboe Bay PEI model
Agricultural mt/year 2.8 2.3
Forestry mt/year 0.2 0.2
Urban mt/year 6.2 9.1
Point Source TP loads mt/year 1.1 1.8
Total TP load to
Shelburne Bay mt/year 10.3 134
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The Shelburne Bay watershed is urbanizing rapidiy both agricultural and forest lands are
quickly being converted to urban lands. If the entrpopulation growth rate of 2.4%/year

continues the PEI model indicates that populatidhimcrease from 20,000 currently to 32,320

in 20 years, a 62% increase. Over the same timedyef existing urban development patterns

remain unchanged, the urban land area in the Simgl®8ay watershed in 20 years is estimated
to be about 153% of what it is today and agricaltlands would shrink by about at least 20%.

Phosphorus loading to Shelburne Bay from non paiak point sources as estimated by the PEI
model are given Figure 14 for Simulation Run SB1In Simulation Run SB1, current
management conditions for urban and agriculturatifaremained constant over the 20-year
simulation period. Phosphorus loadings from fotasds are small compared to loads from
agricultural and urban lands and point source disyggs. Urban non point source loads of
phosphorus substantially increased over time whteicultural non point source loadings
decreased somewhat as agricultural land area shrdiie current total phosphorus load to
Shelburne Bay is estimated by the PEI model to8 tt TP/year and 13.4mt TP/year 20 years
from now.

TP Inputs to the Shelburne Bay Segment
calculated by the Shelburne Bay PEI model
Simulation Bun No. SE1
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|
L g -
¢ .
& i
= 4
ad
N B
0 |_-
Agriculture Urban Farest Poirt Source
Oear 1 277 .19 0,22 1.14
Eveax 10 2,57 765 o2 1.45
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Figure 14: Phosphorus inputs to the Shelburne Bayegment as calculated by the Shelburne
Bay PEI model. The data shown are for Simulation Ra SB1 in which, except for a
2.4%lyear increase in watershed population, currentonditions of wastewater

treatment and land management were assumed to renmaconstant over the
20 year simulation period.
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Four simulation runs within the PElI model were onassess the sensitivity of phosphorus
concentrations in the water column to alternativend&hagement strategies implemented within
the Shelburne Bay watershed. This sensitivity aislis summarized in Figure 15. Simulation
Run SB1 assumed a population growth of 2.4%/yedmanchange from current management of
urban and agriculture over the 20-year simulatienaa. The population growth rate remained at
2.4%lyear in Simulation Runs SB2 and SB3, but phosgs management programs were
implemented during year 5 to reduce the non pauotce urban phosphorus load by 70% in Run
SB2 and both urban and agricultural non point seloads by 70% in Run SB3. Simulation Run
SB4 is identical Run SB3 except that the populagoowth rate was reduced to 1.2%/year
during year 5.

Trends in Shelburne Bay TP Concentrations
as computed by the PEI model
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Figure 15: Sensitivity of TP concentration in the vater column of the Shelburne Bay
segment to alternative phosphorus management scemas as computed with the PEI model.
Simulation Run SB1 assumes a 2.4%/year populatiorrgwth rate, and that urban
development patterns continue as at present and ldrand wastewater management remain
unchanged over the 20 years. Simulation Run SB2tise same as SB1, except the TP in
urban runoff is reduced by 70% in year 5. Simulation Run SB3 is the same as SB2 except
that additionally the TP in urban runoff is also reduced by 70% in year 5. Simulation Run
SB4 is the same as SB3 except that additionally tip@pulation growth is reduced to
1.2%l/year in year 5. The PEI model computes non-pat source TP loads based on current
agricultural, urban and forestry TP export coefficients of 0.42, 1.50 and.04 kg
TP/halyear, respectively.
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For Run SB 1, in which all watershed managementamead constant at current levels for the
entire simulation period, the TP concentration lrel8urne Bay increased by about 2.5% over 20
years to 15.47ug/L. In Runs SB2 and SB3 urban and urban and dgrrali non point source
phosphorus loads were reduced from current lewelg8%, respectively. These reductions in
phosphorus loading during year 5 decreased theb@imal Bay TP concentrations about 6.4%
and 8.7% by year 20, respectively. Therefore, tRecbncentration of Shelburne Bay water
column is somewhat sensitive to urban and agriclltaon point source loadings. The decrease
in population growth rate in Simulation Run SB4 hiitle additional effect on the TP
concentrations in Shelburne Bay. The trend lingsadlb simulation runs continued a slight
increasing trend during years 5 - 20 suggesting pi@sphorus inputs continued to exceed
outputs.

The PEI model estimates that about 57.5 mt TP/gatars Shelburne Bay if all the exchange
flow comes from the Main Lake segment or 64.2 mty&Br if all the exchange flow came from

the Burlington Bay segment. Thus, the input ofggimrus to Shelburne Bay in exchange flow
is about 6 times the phosphorus load from the whest itself. Figure 16 illustrates the

sensitivity of TP concentration in Shelburne Bayhigothetical phosphorus concentrations in
the exchange flow that range from 10 toubAL

In this analysis it does not matter whether theharge flow is from the Main Lake or
Burlington Harbor or, as is most likely, a mix @kettwo. The green dot represents the current
phosphorus concentrations for Simulation Runs 18BB. The concentration of phosphorus in
Shelburne Bay is directly related and quite seresito the phosphorus concentration of the
exchange flow. In this case for everyd/L change in exchange water concentration theee is
1.25ug/L change in Shelburne Bay phosphorus concentiatio

This level of sensitivity exists because of thehhexchange flow mixing between the Shelburne
Bay segment and the Main Lake and/or Burlingtonbidarsegments. On the other hand, for
each 10% decrease in nonpoint source phosphords livam the watershed there was, for

Simulation Run 3SB, a 1.25% decrease in the TPesuration in Shelburne Bay. Is the quality

of water in Shelburne Bay more sensitive to thesphorus levels in the exchange flows from

the Main Lake and/or Burlington Harbor than to gitomus loadings from the Shelburne Bay

watershed? Further examination of this questioy lead to alternative management strategies
not now under consideration. Additional study appéa be warranted.

The Missisquoi Bay Lake Segment

At an average depth of about 3 meters the Missidgap lake segment is the shallowest in Lake
Champlain. It drains a watershed of about 284,@®b6% USA and 44% Canada) within which
some 34,000 people live (70% Canada and 30% USA)leVdbout 68% of the land area is in

forest some 27% is agricultural. Intensive agrimdt is the predominant activity in the

watershed.
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Sensitivity of TP concentration in Shelburne Bay weers
to TP concentration in exchange flows
as calculated by the Shelburne Bay PEI model
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Figure 16: Sensitivity of TP concentration in thevater column of Shelburne Bay to the TP
concentration of the inflow exchange waters from gdcent lake segments as computed with
the PEI model. This relationship is valid for Simuhtion Run No. SB1 which assumes a
2.4%l/year population growth rate, that current urban development patterns continue and
land and wastewater management remain unchanged the Shelburne Bay watershed over
the 20 year simulation period. At inflow exchangeléw TP concentrations higher than
about the current concentration of 11.7ug /L (green dot) the TP concentration of
Shelburne Bay water at the end of 20 years (solithe) will be greater than the initial
concentration (hashed line). The reverse is true vémever inflow exchange flow TP
concentrations are less than about 11 g /L.

For the period 1992-2000 the phosphorus conceottrai Missisquoi Bay averaged about 44.9
ug TP/L, nearly 80% above the 2f TP/L standard. Consequently, aquatic macrophmgte
algae growth have been prolific during summer miriand this growth has adversely impacted
recreational use. Monitoring data suggest thanthre point and point source phosphorus loads
entering the Bay averaged about 153 mt TP/yeabamtl TP/year, respectively, over the 1995-
2000 period (Medalie and Smeltzer 2004). Non psmirce phosphorus inputs overwhelmingly
derive from agricultural activity in the Missisquday watershed.

Values for some input parameters for the Missisqgay PEI model are summarized in Table
11. These parameter values reflect the currentigonsl for the watershed area that drains
directly into the Missisquoi Bay segment. At a austd population growth rate of 1.2%/year,
the PEI model calculates a population increasdotia9,200 people in 20 years (from 34,000 to
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43,200) for the Missisquoi Bay watershed area @abl). This 27% population growth
increases the amount of urban land area by aboutvBie the areas devoted to forests and
agriculture decrease slightly.

Table 11: Some input parameter values and phosphos loadings for the Missisquoi
Bay segment. The items marked with an asterisk an@puts to the PEI model that define
current conditions (ca. 2000). All other values weaxr computed with the Missisquoi Bay PEI
model assuming all conditions in the watershed thatrains directly into the Missisquoi Bay
remain unchanged over 20 years except that populath grew 1.2%/year.

This is Simulation Run MB1.

Variable Units Current 20 years in future
Population - USA No. people 10,000* 12,710
Rate of Growth %lyear 1.2* 1.2
Population - Canada No. people 24,000* 30,510
Rate of Growth %lyear 1.2* 1.2
Urban Land Area - USA ha 8,490* 8,980
P Export Coeff kg TP/halyr 1.5* 1.5
Urban Land Area - Canada ha 6,150* 7,320
P Export Coeff kg TP/halyr 1.5* 1.5
Agr Land Area - USA ha 37,540* 37,300
P Export Coeff kg TP/halyr 1.73* 1.73
Agr Land Area - Canada ha 39,230* 38,060
P Export Coeff kg TP/halyr 1.63* 1.63
Forest Land Area - USA ha 113,530* 113,280
P Export Coeff kg TP/halyr 0.04* 0.04
Forest Land Area - Canada ha 79,350* 78,760
P Export Coeff kg TP/halyr 0.04* 0.04
Nonpoint Source TP Loads - as calculated by the PEhodel
Agricultural — USA mt/year 65.0 64.5
Agricultural — Canada mt/year 63.9 63.0
Forest — USA mt/year 4.5 4.5
Forest — Canada mt/year 3.2 3.2
Urban - USA mt/year 12.7 13.5
Urban - Canada mt/year 9.2 11.0
Point Source TP loads - mt/year 0.6 0.7
USA
Point Source TP loads - mt/year 1.4 1.7
Canada
Total TP load to mt/year 160.5 162.1
Missisquoi Bay

The PEI model can be extremely useful to assistagens understand how the Missisquoi Bay
processes phosphorus, how management programs pagbtm over the long term and even
suggest previously unconsidered new managemeringptWith this understanding improved
management of the lake and watershed resource mapdsible. For example, the PEI model
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suggests that, with the exception of inevitable ytafion growth (1.2%l/year), if current
conditions were to remain constant over the nextezs (Simulation Run No. 1), the total input
of phosphorus to the Bay from its watershed wonttaase from the present 160.5 mt TP/year
to 162.1 mt TP/year in 20 years (Table 11). Thigaase isn't much but what does this really
mean?

First, phosphorus enters Missisquoi Bay not onlynompoint and point sources from its
watershed but also in exchange flow with the NagihéArm lake segment and internal loading
from bottom sediments. For Simulation Run MB1, Bt model estimates that the total input of
phosphorus to Missisquoi Bay from all sources iases from its current level of 207.8 mt
TP/year to 224.5 mt TP/year (Figure 17), mostlyrfrmncreasing amounts of phosphorus from
the bottom sediments (internal loading) althoughpmint sources are the largest external inputs.
Simulation Run MB1 suggests that internal loads@m important issue in understanding how
Missisquoi Bay processes phosphorus.

TP Inputs to the Missisquoi Bay Segment
calculated by Missizsquoi Bay FEI Model
Simulation Run Ne. ME1
250.00
E 200.00 4
Z 150,00 1
= 100,00 4
E 50.00 4 _i—I_
0.00
TOTAL | Mon Point Exlc__:ll-';:ge Paint IP:;I:S
INPUT Inputs IApLts Inputs Eii
OYEAR 1 | 207.80 | 155.60 4.20 2.00 43.00
EYEAR 10| 21660 | 159.10 4.20 2.30 51.00
OYEAR 20| 224,50 | 160.00 4,20 2.50 58.10
|IVEAR 1 EYEAR 10 OYEAR 20 |

Figure 17: Phosphorus inputs to the Missisquoi Bagegment as calculated by the
Missisquoi Bay PEI model. The data shown are for &iulation Run MB1 in which,
except for a 1.2%l/year increase in watershed popuian, current conditions of
wastewater treatment and land management were ass@ua to remain constant
over the 20 year simulation period.
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Because of the shallow water depth and potentrals@ension of bottom sediments, the internal
cycling of phosphorus between the water column sediments is expected to be substantial.
The average phosphorus sedimentation rate in MisgisBay is about 1.09 g TP#fgear
(HydroQual, Inc. 1999) meaning about about 98 mfyg@& settles to the bottom sediment, about
62% of the 158.6 mt TP/year input in non point seurunoff. HydroQual, Inc. (1999) also
reported that phosphorus moves from bottom sedsntenthe water column at a rate of 1.03 g
TP/nflyear (50% SD). Based on this, the PEl model esésnd3 mt TP/year currently moves
from the sediment into the Misssiquoi Bay wateuoah. Therefore, only 42% of the phosphorus
that settles to the bottom sediments moves intagiter column while 58% accumulates in the
sediments. As phosphorus accumulates in the setiimenate at which phosphorus moves from
bottom sediments to the water column can be exgéotancrease.

An additional, and one of the more powerful usesvtoch the PEI models can be put is to
examine the sensitivity of an environmental indicate.q., phosphorus and/or chlorophall
concentrations in the water column) to various ngan@ent possibilities. For example, will the
implementation of a particular program that is geed to reduce the agricultural non point
source TP loading tend to reduce levels of phosgh@oncentration in the Bay waters?
Simulation Run MB1, in which present-day managengeassumed to continue unchanged over
the next 20 years, suggests that the TP concemtratithe Bay will increase about 15%6m
44.9ug TP/L currently to 51.70g TP/L by year 20 even though there was littleease in the
phosphorus loading from the watershed. AccordinthéoPEI model only the phosphorus input
moving from the bottom sediments to the water colusabstantially increased during this
simulation run suggesting that the TP concentraBasensitive to levels of internal phosphorus
loading. A 20% increase in internal loading (Fig® appears to lead to a 15% increase in
water column phosphorus concentration (Figure @8sfmulation Run MB1.

Figure 18 displays the sensitivity of phosphoruscemtration of the Missisquoi Bay water
column to three alternative management programgmes to reduce the input loading of non
point source phosphorus from agricultural landse Tibst Simulation Run, MB1, assumes, as
stated above, that present-day management doehaoge from current conditions for the next
20 years. This simulation run emulates status §uaulation Runs MB2 and MB3 emulate new
management strategies designed to reduce TP itptie Bay in agricultural nonpoint source
discharges by 25% and 75%, respectively. Botliegjias are implemented during year 5.

For both simulations, because of Missisquoi Bay&yvshort retention time, phosphorus
concentration precipitously decreases during yetaeh, for simulations MB1 and MB2, begins
to gradually increase over the duration of the @ryperiod (Figure 18). This increase is due
largely to internal phosphorus loadings from thdireents. For Simulation Run MB3, the lake
phosphorus concentration continues to decreadatlgligver the period after implementation of
management that reduces 75% of the nonpoint squitogphorus loading. For management
strategies that reduce nonpoint source phosphoadkngs by 0%, 20% and 75 % during year 5,
phosphorus levels in Missisquoi Bay are estimatechinge by year 20 by about +15%, 0% and
-33%, respectively, when compared to the currevellef 44.9ug /L. The PEI model suggests
that the concentration of phosphorus in Missisgg@y is sensitive to watershed management
strategies for reducing nonpoint source phosphlmadings, however, the model also suggests
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that large decreases in nonpoint phosphorus loatmgeeded before the Bay waters will likely
see sustained long-term trends of decreasing pbospleoncentration.

Trends in Missisquoi Bay TP Concentrations
as computed by the Missisquoi Bay PEI model
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Figure 18: Sensitivity of long-term changes in TRoncentrations in the water column of
Missisquoi Bay to levels of reduction in non poinsource TP loading as computed by the
Missisquoi Bay PEI model. From years 0 to 5 currentvatershed conditions are assumed to
remain unchanged. During year 5 the model emulategductions of 0%, 25%and 75% of
current non point source TP loadings for SimulationRuns MB1, MB2 and MB3,
respectively. The population is assumed to grow dt2%/year over the 20 year period. The
error bar is +/- one standard error based on 1992 2002 monitoring data.

The bar on Figure 18 shows an interval of +/- ciaedard error (average from the 1993-2002
TP monitoring data). It appears that it may beidiff to discern long-term differences in
phosphorus concentrations among simulation runs sl MB2 but the impact of simulation
run MB3 may become apparent. As was the casethatiMain Lake, additional study is needed
to determine how TP monitoring data may be coleted analyzed to maximize our ability to
detect small changes in TP concentration over time.

PEI model Simulation Runs MB1, MB2 and MB3 (Figut8) suggest that programs which
reduce nonpoint source phosphorus loads have drékaty to produce decreasing trends in
phosphorus concentration over the next twenty yaadsindicate that internal loading is a large
input of phosphorus to the water column. Therefae decided to use the PEI model to explore
one other potential management approach, namelyapmoach that reduces the internal
phosphorus loading. Simulation Run MB4 explorets thanagement option. This run is
identical to Simulation Run MB2, except that, egelar between years 10 and 20 about 3% of
the phosphorus in bottom sediment is removedhérréal world, this could be accomplished by
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dredging, macrophyte removal or by some means g$ipal or chemical containment of the
phosphorus within the sediment. The environmentgacts to biota of such a management
approach might be significant and would need caratile additional study.

Figure 19 compares the long-term trends in wat&meo TP concentrations for runs MB2 and
MB4. In Simulation Run MB4, beginning with year e amount of phosphorus in the bottom
sediments shows a decrease because of the anmuaaleoperations simulated in the PEI
model. Since internal loadings of phosphorus ipertional to the amount of phosphorus stored
in the bottom sediments, the TP concentration ef Missisquoi Bay waters also show a
decreasing trend. Thus, the PEI model suggestsrthahgement options that reduce the amount
of phosphorus in the bottom sediments and/or thekenthe stored phosphorus unavailable for
internal loading might lead to long-term reductionghe TP concentration of Missisquoi Bay
waters. It must be noted, however, that such imgmreant in water quality may be difficult to
discern because of the high level of variabilitghie monitoring data.

Trends in TP concentration and TP stored in sedmesst
for the Missisquoi Bay segment

as calculated by the PEI model (Simulation Runs No$1B2 and MB4
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Figure 19: Comparison of sensitivity of long-term banges in TP concentrations in the
water column of Missisquoi Bay between Simulation Bns MB2 and MB4 as computed by
the Missisquoi Bay PEI model. Simulation Run MB2 asumes only a 25% reduction in non

point source TP loading in year 5. Simulation Run NB4 is the same as Simulation Run
MB2 except that, additionally, the PEI model simulées making portions of the phosphorus

stored in the bottom sediments unavailable for intaal loading. In Simulation Run MB4
about 3% of the phosphorus stored in the sedimenis removed each year between years 10
and 20. The population is assumed to grow at 1.2%#ar over the 20 year period. The error
bar is +/- one standard error based on 1992 - 20020onitoring data.
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The PEI model also tracks chlorophgliconcentration over time based on the followingdin
regression relationship in which Glolnd TP concentrations are in mg/L.

In(Conc Chla) = 5.1512 + 0.7872*In(TP Conc)
(R =0.5734, p < 0.0001)

This relationship was derived from the annual mezrtte TP and chlorophydl concentration
from samples collected at 52 lake stations in 1891 92 (VTDEC and NYSDEC 1994). Figure
20 shows the trends in average annual chloroghgtincentrations for Simulation Runs MB1,
MB2 and MB3. The patterns of change in chlorophythirror the trends in TP concentrations in
Figure 18.

Trends in average monthly concentrations of chloropyl

as computed by the the Missisquoi Bay PEI model
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Figure 20: Sensitivity of average monthly chlorophif a concentration in Missisquoi Bay as
computed with the PEI model to different soil eron/nutrient management strategies for
agricultural fields. Simulation Runs MB1, MB2 and MB3 are trends for phosphorus
management options implemented during Year 5 thatigld, respectively, 0%, 25% and
75% reductions in non point source TP loading to te Bay. The population is assumed to
grow at 1.2%/year over the 20 year period.
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Discussion - Mass Balance and PEI Modeling

We believe that dynamic mass balance PEl modelsuseéul to help guide the process of

thinking about natural dynamics, indicator selattemd management options. They are also
very useful in exploring management scenario anténgial future conditions under these

scenarios.

In Figure 12 we presented a diagram that illustrate mass balance concepts upon which our
PEI models are based. In this discussion it isulgefconsider the concept of mass balance at
two different scales, the lake-scale in which L&tgamplain is a single lumped entity and the
segment-scale in which considers just one of Lakangplain’s segments. Compartment-flux
diagrams for each are shown in Figure 21. Theymany ways, are similar. But a careful
consideration of each leads us down somewhat diffepathways with regard to choosing
phosphorus pressure - state - response indicators.

Regardless of scale, whenever the sum of the ir{m#tdings) exceed all the outputs, the amount
of any element or pollutant stored inside the lakéake segment increases. For phosphorus, as
the stored amount increases, we typically see ase levels of eutrophication and society
responds by attempting to reduce phosphorus pothhanpoint source loading.

At the lake-scale (Figure 21A) the phosphorus logslito the lake include both point and

nonpoint sources. For thousands of years beforepeans arrived in the Lake Champlain basin,
soil particles and associated nutrients were ahiné the lake in surface runoff (now called

nonpoint source loading). These soil particlesuaudated to form the lake bottom sediments,
which have always contained some phosphorus. Addsin was developed over the last 300
years, surface runoff continued to carry sedimaritsthe lake along with increasing amounts of
phosphorus. As industrial activity and the sewgoh municipalities in the basin increased, the
number of point sources discharging into the watdrshe basin multiplied. Consequently,

phosphorus has accumulated in the bottom sedinwntske Champlain from thousands of

years of natural geologic erosion processes andt&f years of progressively more intensive
human activity. Lake Champlain has a past and theoghication we now see is, in part, a

consequence of that past.

What, at the lake-scale, might be societal resptsa@educe this eutrophication? Notions of
mass balance say that as long as inputs exceediteuiccumulation will continue. The

compartment-flux diagram for this scale (Figure 21dicates only two management options
are available: namely, to lower inputs is by redgcpoint source loadings or by reducing
nonpoint source loadings. Response indicators tiaak, over time, the accomplishment of
programs to reduce these loadings might be:

a. For Point sources - track average annual morphlysphorus concentration and
average annual monthly flows for all industrial,nooercial, municipal and private
wastewater treatment plants. The product of thedieators would be average annual
mass output due to point sources.
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b. For nonpoint sources — because nonpoint soaexkrigs are typically very difficult to
measure directly, indicators might track levelmpiementation of urban and agricultural
BMPs, ratio of animal numbers/animal units per t@pland, the phosphorus soil index,
or other surrogate parameters.

A. Lake-Scale Mass Balance
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Figure 21: Compartment flux diagrams illustrating mass balance at the lake-scale and the
segment-scale. These diagrams help guide the selattof phosphorus indicators.

Even when change in such lake-scale indicators esiggthat society is getting better at
preventing phosphorus from entering the lake, teet muestion might be are eutrophication
levels also being reduced? To determine this, nieicessary to measure indicators of the state of
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the lake. Such indicators might include measufd¥$oand/or chlorophylh concentration in the
lake water. The LCBP’s monitoring program alreadycks such indicators. However, the
literature is full of reports in which programs dgeed to reduce nonpoint source phosphorus
loadings from watersheds could not, over the peofostudy, definitively demonstrate change in
phosphorus levels in the receiving body of water.

Additionally, there are confounding issues in la®systems. It is known, even in the absence
of phosphorus inputs, that the phosphorus in ladnsents can move into the water column

(internal loading), but the rates are frequentlyskov that it may take decades or even centuries
to substantially deplete the sediment phosphomu®.st Therefore, decreases in eutrophication
levels would occur slowly even if inputs abruptlgcdeased. Thus, it is not clear, for a complex
lake system such as Lake Champlain that chang&tate indicator levels can be directly related

to change in response indicators. Consequentlycators within this lake-scale context need to

be designed to look at the long-term and not addites shorter-term year-to-year variation seen
in monitoring data. These long-term indicators neetheasure changes in public policy, public

expectations and social norms within the urban agdcultural sectors to measure progress
towards the long-term objective.

The segment-scale (Figure 21B) is the same compattfltux diagram used in our Main Lake,
Shelburne Bay and Missisquoi Bay PEI models. Initamdto point and nonpoint source input
loadings shown in the lake-scale diagram, phosghenters the lake segment in advective and
exchange flow from adjacent segments. Our PEI nsodabgest that phosphorus inputs in
advective and exchange flows currently are aboit did 6X the nonpoint source loading for
the Main Lake and Shelburne Bay segments, respdgtivConsequently, the level of
eutrophication (as indicated by the TP concentnatib water column) is not very sensitive to
reductions of point and nonpoint source inputh@awatershed.

In our 20-year simulation runs for each segmemlich nonpoint source loading was reduced
by 70% in year 5, the TP concentration in the watdamn in year 20 was estimated to change
by + 6.3% and - 6.4% from current TP levels in khain Lake and Shelburne Bay segments,
respectively. For both segments the PEI model eséinof TP concentration in 20 years
remained above the current water quality standéris. difficult to imagine reductions in current
nonpoint source loading of 70%, let alone any ntbaa this.

The phosphorus loading in the exchange and adeediows, in fact, could be reduced by
decreasing the TP concentrations in the conne&guohents. Importantly, these segment-scale
mass balance models incorporate the fact than mmbhgke Champlain’s segments are closely
linked by these exchange and advective flows. Sunages mean that changes made in the
watershed of one segment may have a substantedtesh eutrophication levels in adjacent
linked segments. For such lake segments it appedilsely that eutrophication levels can be
related definitively to reductions in point and pomt sources solely in their own watersheds.
For example, the Main Lake PEI model suggeststiieaTP concentration in the South Lake is a
primary driver of the TP concentration in the Maiake. Similarly, the Shelburne Bay PEI
model indicated that the TP concentration in theinMaake is a primary driver of the TP
concentration in the Shelburne Bay. Clearly, mamege efforts to reduce phosphorus inputs
and TP concentrations in the South Lake indireiatijyence the water quality of the Main Lake
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and Shelburne Bay segments. Although this factaknowledged in the original model
developed as part of the Diagnostic-Feasibilitydgt(Smeltzer and Quinn 1996) and the Lake
Champlain phosphorus TMDL (VTDEC and NYSDEC 200f)is management approach
deserves additional consideration.

The Missisquoi Bay lake segment is very differemnf the Main Lake and Shelburne Bay
segments. The PEI model estimates the current mungaurce phosphorus input to Missisquoi
Bay to be about 37X of exchange flow input. We etge that water column TP concentration
in Missisquoi Bay would be very sensitive to redas in non point source loadings. To check
this expectation we ran a series of 20-year sinmulauns in which current agricultural nonpoint
source loading was reduced by 0%, 25% and 75%an yeThe estimated TP concentration at
year 20 was found to be sensitive to nonpoint sousductions. Some 15 years after the
reduction occurred, TP concentrations were +15%, 8f@ -33% of the current TP
concentration, respectively. However, even with assive 75% reduction in nonpoint source
loading, the PEI model estimated that the curreRt cbncentration standard could not be
achieved by year 20.

The Missisquoi Bay PEI model also allows assessmémtternal phosphorus loadings. The
current internal loading of phosphorus is estimatedbout 27% of the nonpoint source inputs
and will increase to about 36% by year 20. The rhodbcates that phosphorus accumulation
continues over the 20 year period. This large #meean internal loading will likely mask much
of the hoped-for effects of reductions in nonpa@imtirce inputs. However, when nonpoint source
inputs are reduced by 25% in year 5 AND 3% of theuenulated sediment phosphorus is
removed from the Bay each year, TP concentrationedticed by 10% of the current TP
concentration by year 20 AND, importantly, thereaiscontinuing downward trend in TP
concentration.

The segment-scale PEI models allow examinationhefuniqueness of each segment. Is the
segment shallow or deep, is the watershed landagseultural, urban and/or forested, are

exchange/advective flow inputs large or small, ngelinal phosphorus cycling important or

minimal, and other questions. With such differenaach segment we examined with the PEI
model processed phosphorus in a unique fashionat $ile segment-scale, the indicators that
might be chosen to track changes should also plplmsbdifferent. At this scale the options

include lowering inputs by reducing point and nanpsource loadings as well as reducing the
inputs in exchange and advective flows and in thiernal sediment loading. Response
indicators for an individual lake segment mightiime:

a. For point sources - track average annual monphiysphorus concentration and
average annual monthly flows for all significanirgesource discharges. The product of
these indicators would be average annual massnigadsulting point sources.

b. For nonpoint sources - track the level of immeatation of urban and agricultural

BMPs, ratio of animal numbers/animal units per t@pland, the phosphorus soil index,
or other surrogate parameters.
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For lake segments that are highly connected, axidithese response indicators would also need
to be tracked in the watersheds of those linkednseds. Specific response indicators would
likely differ from one segment to the other dep@gdon segment characteristics and pressures.

State indicators at the segment-scale include messd TP and chlorophyd concentration of
the water column. Such indicators can give an assest of eutrophication level and possibly
indicate trends within the constraints imposed nitoring data variability. However, it is not
at all clear, even at the segment-scale, that ehangtate indicators can be definitively related t
change in response indicators. At the segment-teeePEl models can provide an opportunity
to tailor the choice of indicator to the uniquenedsthe segment itself and its linkages to
adjacent segments.

Our dynamic mass balance PEI models are but maalalisthus not necessarily reality. Outputs
from the models are only as good as the data thed qto them, the algorithms used and the
organization of the algorithms within the modeh the development of these models a number
of issues arose for further consideration:

(a) Monitoring programs provide TP and chlorophgyltoncentration data for about 6
months each year and assess phosphorus loadingt dnaim selected watersheds. Even
though these data incorporate considerable nataehtion, they were useful for
initializing and calibrating the model, howeverdamnal data would add greatly to the
precision of the model estimates.

(b) Estimates of the average annual advective andamge flows among lake segments
are available, however, little is known of seasaditierences or of natural variation in
these estimates.

(c) HydroQual, Inc. (1999) has provided much basiocrmation on internal phosphorus
cycling but a better understanding of these pr@sess Lake Champlain is urgently
needed. Spatially explicit estimates of the ratestants that drive internal loading are
needed for those segments where this is a dominptotess.

(d) Lastly, phosphorus export coefficients thatimephosphorus loads from specific land
uses are assumed to remain constant over time suslsie management program
changes it. Research suggests that most practiogentty employed on croplands
continue to increase the levels of phosphorus dtarethe soil over time leading to
proportionate increases in the phosphorus expoefficeent even with unchanging
management practices. We expect that fertilizéamsoils change in a similar fashion.
Such change needs to be recognized in future maaesconsidered when tracking
nonpoint source phosphorus loads.

In summary, our PEI models specifically evaluate ithhpacts on TP concentration in the lake
segments resulting from human activities in theensited (Table 7) and the changes in the level
of management response to control phosphorus inpAitough the models do incorporate the
impact of internal exchange flows (a natural pheaoom) on the lake water quality, they do not
assess the random and highly variable effects ahgés in temperature, wind direction and
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velocity, sunlight intensities and periods, andcjp#ation patterns and intensities. For all lake
segments, a portion of the modeled change in TPcerdration was associated with
anthropogenic pressures and management respondea partion was the result of natural
factors, such as exchange flows and phosphorus mmevefrom sediments to the overlying
waters, which cannot be influenced by managemeitrec

Based on the three PEI models studied in this profke following factors must be considered
in selecting appropriate indicators related to phosus pollution.

» Each lake segment is unique and different speacificcators may be necessary to
assess the impact of management responses ordunaivéke segments.

* The impacts of human pressures and managemennsespon the water quality of a
given lake segment are frequently overwhelmed lyrabenvironmental variability,
by exchange flows with adjoining lake segments iatetnal loadings.

* Many lake segments are closely connected by exehthoyy with adjacent segments
so that water quality in any given segment not a@gends on conditions in its own
watershed but that in adjacent watersheds as imelicators must be selected with
these linkages among lake segments in mind.

» TP concentration is not a sensitive indicator &f siggressiveness or effectiveness of
management in many lake segments, especially beesttort term, but indicators of
land use management practices may be.

* More emphasis should be placed on monitoring indrsathat track change in land
use, land management practices, urban developra#@etms, and the like.

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

The current monitoring efforts for phosphorus amoag the most extensive in the Lake
Champlain Basin. Despite that, they incorporatesmerable variability, do not fully
characterize the conditions in the lake and cafulbt inform decision-making. Some of the
measures used for our indicator suite are seriaudlpf date, and some are missing all together.
Perhaps of most concern, our pressure indicatty®neland use measures that are more than 10
years out of date. Since these indicators are tesé@dck the nonpoint source load throughout
the watershed, they must be updated.

The state indicators attempt to capture the magonpartments of phosphorus in the lake.
Currently, we only track phosphorus in the watduem, and not in the sediments. Our PEI
modeling, however, demonstrates that informatiooualphosphorus in the sediment is critical
for predicting response times in key lake segmékiés Missisquoi Bay. Other studies have
found similar linkages (Nurnberg 1984, Carvahloabt1995). At least for the shallow lake
segments and lake segments where anoxia is pgss#olenent data are a critical data gap. We
are also not tracking the phosphorus stored intagpknt and zebra mussel biomass, which can
be important compartments in many lake segmentgainA a focused data collection effort in
these areas is also needed.
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Our response indicators focus on tracking the majanagement activities supported by the
TMDL and Opportunities for Action. Although we are tracking the implementation of seceet

of BMPs on farms, we are not tracking the impleraganh of BMPs in urban and suburban
areas. This response indicator is essential faluating management success.

Until we fill some of the critical data gaps inghssue area, we will not have a credible way to
evaluate our progress towards the phosphorus goate TMDL. Although we report on the
reductions in phosphorus loads that we have actiibyaipgrading our sewage treatment plants
and by implementing manure management practicearoms, we do not track the increases in
phosphorus load resulting from increases in pojuatfrom land use conversions, or from
increases in animal densities on farms. Prelinyiraiculations with our current agricultural
credits show that they are overly generous, geingrategative loads when applied in some
watersheds (Donlon and Watzin 2000). We curremilye no credits for urban practices or for
many of the more innovative practices on farm$.wd are to move forward with integrity, we
must present a full balance sheet that accounthedest of our abilities for all credits and
debits.

B. Issue Area: Bacteria in Recreational Waters

To protect human health, many public beaches ore [Glkamplain are monitored for bacteria

and may be closed when bacteria levels exceed astdsdecommended by the state health
departments or other agencies. The PSR diagrdhisiissue area is focused on bacteria levels,
the sources of bacteria in the lake, and the manmageactions taken to protect the public from

high bacteria level and to reduce these levels theetonger term (Figure 22). Table 12 presents
the indicators for the bacteria issue area.

Population Urban
BMPs

Stormwater

Bacteria Beach
—
levels closure

Farm

Animal BMPs
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Figure 22: PSR diagram for bacteria in recreationhwaters.
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Table 12: Indicators for bacteria in recreationalwaters.

P .
Indicator S Available vear Source Ref Recommended Fr(_aq_uency
R Measure Measure (minimum)
US: 1950 - Holmes and Human populationf  Update
Ponulation p Human population  2000; Associates; | Figure b Iakepse? ment evgr 10
P by state/province| Canada: Statistics 4 )s/ubwaterghe d egrs
2001 Canada y
Percent samples UVM Fiqure Percent samples
Stormwater P| that exceed state 2002 (Burlington g that exceed Annually
23
standard Bay only) standard
Stocking density VT:_ZOOZ;_N ) . Stocking density Update
. . : ; Y:2002; VT AFM,; Figure . :
Animal units | P| (animal units/ha) . (animal units/ha) | every 2
QC:1998- | NYS SwcCC 7
by subwatershed 2003 by subwatershed years
Page Measure when
Wildlife P Data unavailable 569 necessary in As needed
problem areas
Number of beach Percent of beach
Bacteria water samples that Figure water samples that
S 1997-2002 exceed state Annually
levels exceed state 24
standards at
standards S i
priority locations
Days of beach Days of beach
closure at Figure closure at all
Beach closure R Burlington 1990-2002 55 Champlain Annually
beaches beaches
Bacteria load
Percent of farms| VT:1996- ) . reduction from Update
Farm BMPs R| and animal units 2003; N\\/(-;ASKII\\//ICC F?gre implementation off every 2
treated NY:2002 agricultural BMPs years
by subwatershed
Percent of Bacteria load
stormwater Page reduction from Update
Urban BMPs | R . 2003 VT DEC 9 implementation off every 2
permits that have 57
) urban BMPs by years
expired
subwatershed

PRESSURE INDICATORS

People, domestic animals and wild animals are ¢lweces of the bacteria found in the water at
Lake Champlain beaches. As discussed in the pbaospisection, the human population in the
basin is growing (Figure 4). We do not have datatrends in wild or domestic animals,
although as the human population increases, théeauof pets in the watershed is also likely to
increase. Animals found in developed areas cartibo the bacteria that enter the lake because
their waste is washed into the stormwater.

Basinwide, there are very limited data on stormw#tev and what is in it, however, monitoring

in the Burlington Bay lake segment, which is amtmgmost developed in the watershed, shows
consistently high levels of coliform bacteria (Watet al. 2003a, 2004). In 2002, tke coli
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level in 93% of samples collected from stormwatategng Burlington Bay exceeded the
Vermont Water Quality Standard of 77 organisms/@0®f water (Figure 23). Many of these
exceedences were by two or three orders of magnitud

Also similar to phosphorus, the extent of bactep@lution at Champlain beaches depends not
only on the number of people and animals, but atsthe activities and behaviors that influence
the transportation of bacteria to the beacheshodigh very difficult to quantify, failed septic

systems, particularly those directly along the &iare, are also likely sources of bacteria found
in the lake.
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Figure 23: Percent of stormwater samples with grear than 77 E. coli organisms
per 100 ml, the VT standard, collected at variousanpling sights in Burlington Bay
in 2002 (Watzin et al. 2003a).

Agricultural animals (Figure 7) are also a sourt®acteria that can be transported to the lake
through the tributaries. The bacterial load ibutaries from agricultural animals depends on

factors including whether or not animals have dissress to streams, the characteristics of the
riparian corridor, and a variety of other factaCagsell and Meals 2002).

Wildlife, such as gulls, beaver and deer, may Alsamportant sources of bacteria at Champlain
beaches. The fecal matter in surface water froidlifa is generally considered part of the
background or baseline level of bacteria in a streén 2001 and 2002, a study was conducted in
the Mad River Valley, VT to examine baselirte coli levels in streams in forested
subwatersheds. Moir (2004) found baseline leveEs. aoli to be high, particularly during storm
events(95% C.I. = 20.9 — 66.4 organisms/100 mL) with 34%the samples violating the
Vermont Water Quality Standard of 77 organisms/100m
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In an attempt to determine the contribution of Widdto bacterial pollution at Colchester, VT
beaches, a microbial source tracking study was wxied in Malletts Bay and the lower
Winooski River in 2001. The DNA of thE. coli in the water samples was compared to the
DNA of E. coli found in various animal feces. Only 28% of thé E7 coli in the sample were
positively matched to a host species (Jones 20@¥er, humans, raccoons, cats, gulls and
chickens were among the host species identifi¢disnstudy. Given the limited data available at
this time, the relative importance of wildlife assaurce of fecal contamination at Champlain
beaches cannot be specified.

STATE INDICATORS

There are many different types of bacteria that patentially be found at beaches in high
enough guantities to pose a threat to public heatlthe presence of elevated levels of one type
of bacteria suggests the presence of other patsagfeslevated levels. Consequently, a choice
has to be made regarding what type of bacteriacitor. Traditionally, fecal and total coliform
were used to monitor fecal pollution. The U.S. ERdw recommends monitoring. coli in
freshwater andenterococcus in saltwater or freshwater bodies. (U.S. EPA 19865. EPA
2002). The Vermont Water Quality Standards spemi§ingle sample density of E coli per
100 ml (Dorfman 2002) as the level necessary tteptdiuman health, and this criterion is used
for Impaired Waters listing (303(d)) under the @ie&ater Act. In New York, the Department
of Health uses a 30-day, five sample geometric noé@400 total coliforms per 100 ml (with a
limit on the number of samples exceeding 5,000 wihforms) or a fecal coliform standard of
1000 organisms per 100 ml in a single sample anchg&ic mean of 200 per 100 ml as its water
quality standard (Dorfman 2002). In Quebec, addash of 200 total coliforms per 100 ml is
used. In both Vermont and New York, the standangs recommendations to public health
authorities. Monitoring of public waters is not maatory and beach closures are left to the
discretion of local officials (Dorfman 2002).

Because the type of bacteria monitored and thedatds against which bacteria levels are
evaluated vary across the political regions oftihsin, the data on bacteria levels at Champlain
beaches are fragmented and disparate (Figure B4xoli is measured regularly at state and
municipal beaches in Vermont. There is some sdaxs® coliform and total coliform data for
municipal beaches in New York. At New York statgkpbeaches, total and fecal coliform were
measured regularly in 2001 af&dterococcus and fecal coliform in 2002. These differences in
standards and measures and the variability in dhgbng effort make it difficult to assess and
address the problem of bacterial pollution on aevgkle basis. Because the water quality
standard in Vermont is more restrictive than thegduin New York, it is not surprising that the
standard is exceeded more frequently in Vermomnt thaNew York.
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Figure 24: Number of bacteria samples that exceddY and VT standards for

recreational water bodies.

RESPONSE INDICATORS

The primary response to bacteria levels in excésstate standards is the closure of public
beaches in order to protect human health. Howesementioned previously, a measured value
in excess of the recommended standard does nossadg result in a beach closure. There
were no reported beach closures at NY State Park®001 or 2002 despite samples that
Although VT State Pedches have been closed due to high
bacterial levels, we were unable to obtain any nee@d beach closures. The record of beach
closures in Burlington, which extends further b#it&n theE. coli sampling data record, shows
fewer days of beach closure than there are samplescess of standards (Figure 25). Beach
closure in Quebec is the result of toxic blue gralgae blooms, not bacteria contamination.

exceeded state standards.

Although intended primarily to reduce phosphoruadiag to Lake Champlain, BMPs can also
reduce the amount of bacteria reaching beaches faoms and stormwater.

Indicators that

relate to farm BMPs and to stormwater managemggan Figure 10 and Table 6.
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Figure 25: Days of beach closure at Burlington bedes

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

The pressure indicators include people, farm arimailldlife and stormwater. Although data
are being collected on the human and animal papulathe only stormwater data we were able
to locate were those being collected by UVM in Bigton Bay as part of a research project that
ended in December 2004. An on-going data collaatifort in urban areas throughout the basin
is needed.

In this area, we have only proposed one state atmlic the level of bacteria in beach water

samples. Although this indicator is being monitbes sites throughout the basin, an evaluation
of the extent of coverage and the ability to drameayal conclusions about bacteria in each lake
segment should be undertaken.

The primary management response to unsafe levelmaeria in beach water is to close the
beach. Because of the differences in standarabstosmake decisions about closure in the three
jurisdictions, it is not possible to compare thember of days of closure around the basin
credibly. This situation should be addressed enftliure. The other response indicators track
the major management activities undertaken to rede level of contamination and therefore,
the number of days of beach closure. Currently,ahly data we have on urban BMPs in the
number of permits that have expired. A better mesmsf the urban BMP indicator in the future
would be the percent of the stormwater that isdp&i@ated. This is a critical data gap, as ihis i
the phosphorus issue area.
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C. Issue Area: Mercury Toxicity

Mercury and PCBs are the highest priority toxidyg@ints in the Lake Champlain basin Program
(LCSC 2003). They are both bioaccumulating toxiveg are found in fish of Lake Champlain at
concentrations that exceed U.S. Food and Drug Adtmation and U.S. EPA guidelines for the
protection of human health. PCBs, polychlorinateghenyls, are a family of industrial
chemicals that have not been manufactured in theetlistates since the 1970s. PCBs are a
concern because they persist in the sedimentsme soeas of the lake. Beginning in 1999, the
largest single source of PCBs in Lake Champlaie, thd Georgia Pacific sludge bed in
Cumberland Bay, was remediated. PCBs have beaifisamtly reduced in the sediments of
Cumberland Bay (NY DEC 2002) and we expect that thid begin to decline lakewide.

Mercury, by contrast, is still in widespread useé @ontinues to enter the lake via atmospheric
deposition, tributaries and point source discha(§snley et al. 1999, Gao et al. in press). The
load that is entering the lake through the tribetais directly related to the mercury that is

falling out on the land through atmospheric depmsit Mercury bioaccumulates through the

food web and is a public health concern for pedipé consume contaminated fish. It can also
impair the reproductive health of the fish themssl¢Freidmann et al. 1996) and the health of
piscivorous birds that feed on contaminated fisimfrthe lake. Our PSR chain for mercury

includes these sources and focuses on fish asrtheary route of human exposure to the

neurotoxin (Figure 26).

Atmospheric
Load

Consumption
Hg in Advisories

Water

; T Basin Source
Tributary Reduction
Load ! Programs
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Point Sediment Hg in Emission
Source Load Wildlife Reductions

Figure 26: Pressure-state-response diagram for meucy
contamination in Lake Champlain.
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Table 13: Indicators for mercury contamination in Lake Champlain.

P .
Indicator S Available Year Source Ref Recommended Frgq_uency
R Measure Measure (minimum)
Annual mean Hg
Atmospheric Mean Hg Ioad_from 1994- Page load from Updated
P atmospheric NOAA . every 5
load . 1996 61 atmospheric
deposition " years
deposition
. . Annual mean Hg| Updated
Tributary Discharge and Hg 2000- Table
load P concentrations 2002 USGS 14 load by lake every 5
segment years
Measured Hg
Point Estimated Hg load Figure | load from point Updated
. P . NA SLU every 5
Discharge from point sources 27 sources by lake ears
segment y
. con-(r:gftlra'_:%n in Figure LgtiloizgnT;ihgri Updated
Hg in Water S 2001 USGS . every 5
water column by 28 in water column
years
lake segment by lake segment
Total Hg Total and methyl
concentration in Figure | Hg concentration Updated
S . 1991 UVM : ) every 10
sediment by lake 29 in sediment by
. years
Hgin segment lake segment
Sediment Number of lake
Updated
segments above every 10
threshold effects y
years
level
Mean Hg
ean g
Food web S| concentration in 1997 UVM 61? | Y | OPY every 5
lankton evel species in years
P selected lake
segments
Mean Hg .
o . Body burden in Updated
P concentration in 1988- Figure :
Hg in Fish S walleye and yellow 2000 VT DEC 30 key species by every 5
weight class years
perch
Hgin Mean H_g . Body burden in
o concentration in .
Piscivorous | S - selected wildlife
S selected wildlife .
Wildlife . species
species
Consumption R N(\:{oﬁggrx Ttigih VT DOH, Page S e,\(l:lijems?‘g: \(/)vfhich Lésg?tesd
advisories ump NY DOH 66 pecies | . y
advisories advisories exist years
Basin source . Updated
reduction R Dollars spent on LCBP Page | Hg Ioad.reductlon every 2
source reduction 68 achieved
programs years
Emission R Page | Hg load reduction lésg?tesd
reductions 68 achieved Y
years
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PRESSURE INDICATORS

Atmospheric loading is thought to be the principalrce of mercury in the Lake Champlain
Basin, with slightly more than 50% coming from odésthe region and the remainder generated
by local emissions (Fitzgerald et al. 1998, Shaelegl. 1999). Mercury that is released into the
atmosphere by coal fired power plants and otheustréhl emissions is deposited onto the
watershed and directly into the lake. Dry and metcury deposition data have been collected at
the Proctor Maple Research Center (PMRC) on Mouwmd#eld in Underhill, Vermont for over
ten years. At PMRC, the average deposition rate auwo year period beginning in 1994 was
444 mg/halyr, with approximately 70% in the form ary deposition and the remainder in
precipitation (Shanley et al. 1999). PMRC is a&$ted area and the greater dry deposition rate
is attributed to the additional surface area cceatefoliage. The rates and relative importance
of wet and dry deposition on the 36% of the basiat tis not forested is currently under
investigation (Shanley, personal communication).

A portion of the mercury that is deposited on thegexshed is washed into surface runoff and
transported to the tributaries and into the laBased on studies conducted in the Nettle Brook
catchment in Underhill, Vermont, approximately otierd of the mercury flux into Lake
Champlain from the tributaries is from a consisteut low concentration of dissolved mercury
in the baseflow. The remaining two thirds is pnityaparticulate mercury exported during
periodic high flow events (Shanley et al. 1999)lthugh mercury sampling was conducted in
sixteen Lake Champlain tributaries in 2000, 200d 2002, the flow conditions sampled varied
by year, making annual load comparisons difficliktfle 14). Studies conducted in the forested
Nettle Brooke catchment show that the majorityh@ tnercury load transported to the lake by
the tributaries is associated with sediment andamicg matter. Therefore, runoff from
agricultural and developed land, which can contaigh sediment loads, may be important
sources of mercury loading that have not yet bedlg éxamined (Shanley et al. 1999). The
Nettle Brook studies have also demonstrated a Wwafershed mercury retention rate (92-95%)
(Scherbatskoy et al. 1998). This suggests that lexgl mercury inputs to the lake can be
expected to continue over the long term even ifcomgrinputs to the watershed decline.

Table 14: Examples of mercury sampling data from L& Champlain
tributaries from 2000-2002.

Year Flow Condition Discharge (cfs) | Total Hg (ng/L)
2000 Baseflow 216 1.54
Ausable River 2001 low flow 154 0.82
2002 snow melt 1193-6210 2.57-4.60
2000 Baseflow 272 2.53
Otter Creek 2001 low flow 238 0.83
2002 snow melt 2271-2910 3.25-7.79
2002 storm events 573-1587 1.08-2.03
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Industrial and wastewater discharges are also esuof mercury. The concentrations of
mercury in outflow of wastewater treatment faaltiin the Champlain Basin are generally
below the detection limit of the locally availalteethods and equipment (N. Kamman, VT DEC,
personal communication). However, the mercuryg lfsam wastewater treatment facilities has
been estimated based on discharges measured fdrakee Champlain Diagnostic Feasibility
Study (VT DEC and NY DEC 1994) and typical mercuwgncentrations for wastewater
treatment facilities elsewhere in the United Stgi¢sGao, St. Lawrence University, personal
communication) (Figure 27). The estimated merdoad into South Lake A is substantially
greater than the load into other lake segmentss iEhlikely the result of the high discharges
from the International Paper facility.

STATE INDICATORS

The mercury concentration in the water column ichdake segment was sampled in September
of 2001 by the USGS (Shanley, personal communichti®Vith the exception of the South Lake
segments, mercury is relatively uniformly distrigéditthroughout Lake Champlain (Figure 28).
The higher concentrations in South Lake A and B meflgct inputs from the International Paper
Company point source discharge (Shanley et al. Y1999
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Figure 27: Estimated annual total mercury loads fom wastewater inputs by lake segment.
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Figure 28: Total mercury concentrations from singé water column samples
collected from Lake Champlain segments in Septemb&001.

Because much of the mercury transported to Lakenplan by the tributaries is associated with
particulate matter that eventually settles to tb#dm of the lake, mercury contaminated lake
sediments may be an important source of mercutlygdood web. Sediment concentration over
a depth profile can also serve as an indicaton@tistoric load of mercury to the lake. In 1991,
surface sediments from thirty sites across Lakengiii@n were collected and analyzed for
mercury and other toxic pollutants (Mclntosh 1998pme mercury contamination was found in
the sediments at all the sample sites (Figure 2% low sediment concentrations in the South
Lake seems inconsistent with the high water comagahs, and suggests that the dissolved and
suspended mercury in transported northward intdvihie Lake.

Although there are no sediment quality standardsciipally for Lake Champlain, sediment
guidelines have been suggested by NOAA for fresbwaediments (Buchman 1999). For
mercury, a threshold effects level (TEL) is suggdsit 0.174.g/g and an upper effects level at
0.560pug/g. Using these levels the Main Lake, Burlingi®ay, Cumberland Bay, St. Albans
Bay, Isle LaMotte, and Missisquoi Bay could all bdew-level toxic effects as result of mercury
contamination. Background is estimated at 0.005Dug/g; all segments of Lake Champlain
exceed background levels of mercury.

Total mercury is measured to gauge how much merwuny the environment, but from a
biological standpoint, it is the amount of methyimey (Me-Hg) that is most important. lonic
mercury is transformed into Me-Hg by microbial asoiotic processes (Shanley, et al. 1999).
Me-Hg, which is generally only 1-10% of the totaémoury in the water column, is the form of
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mercury that bioaccumulates, making up more tha¥ @ the mercury found in fish tissue
(Freidmann et al. 1996, Shanley et al. 1999).
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Figure 29: Mean total mercury concentration in lake sedimentsgg/g) from five replicate
samples collected in June 1991. Data from the stams closest to the 13 long-term water
quality monitoring stations are presented.

Predicting bioaccumulation rates in lakes is nobpte because both methylation rates and
bioavailability of mercury is affected by numerdastors (Driscoll et al. 1994a, b, Kamman et
al. 2003). The structure of the food web and patigity of the lake are particularly important
factors. In northeastern lakes, Chen et al. (2@800wed that the total mercury in fish tissue is
inversely correlated to both zooplankton food chkngth and to cladoceran (a common
component of the zooplankton) density. In highlyrephic lakes, the mercury can be “diluted”
by the phytoplankton biomass, resulting in lowerrecney bioaccumulation in higher trophic
levels. In experimental manipulations, Pickhardale (2002) showed that in waters of equal
mercury concentration, mercury accumulation in etmtans is inversely proportional to
phytoplankton density. This suggests that the ifiseutrophic sections of Lake Champlain like
the South Lake and Missisquoi Bay may accumulat® meercury than the fish in mesotrophic or
oligotrophic lake segments like the Main Lake.

To calculate bioaccumulation factors, data on thecentration of mercury in various levels of
the food chain are needed. In 1997, dry weightcorgr concentrations were determined for
three samples of small (63-20&) and large (>20@m) plankton collected by UVM from Lake

Champlain. The average mercury concentration vi@s+110 ng/g in the small plankton and
760 +20 ng/g in the large plankton (Shanley et al. 39990 data are available for other links in
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the food chain, however, in Lake Champlain, on¢hef major forage fish species for the sport
fish is rainbow smelt@smerus mordax). This fish has been linked to increased merg¢ary
native predatory fish in northwestern Ontario, vehgrhas invaded in the last two decades, but
the mechanisms of this increase are not known (Sevaat al. 2003).

Organisms that are largest and/or feed highesheriaod chain are generally expected to have
the highest concentrations of Me-Hg. The VT DEGlgred 225 fish of sixteen different
species for the concentration of mercury and otbgms in their tissues. These fish were
collected from ten different lake segments oveba@ar period from 1975 to 2000. However,
because the species, location, sample size angdighwidely from year to year, it is difficult to
determine trends in mercury contamination in th&eL&hamplain fish community. In Lake
Champlain, mercury concentrations are generallpdstin walleye, a piscivorous top predator
(Figure 30). For walleye, yellow perch and othpeaes, the mercury concentration tends to
correspond to the size of the fish sampled; bidgigr are older fish, and therefore, have
bioaccumulated more mercury. Yellow perch has besed as a survey fish by VT DEC
because it is such a broadly distributed fish. E\sv, in order to track trends in mercury in fish
tissue over time, samples must be repeatedly ¢eteaf fish of the same species and the same
size.
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Figure 30: Mean total mercury concentration fig/g) in walleye and yellow perch (bars)
with average length (mm) of the fish in the samplériangles). Samples were collected from
different lake segments in different years and theample size for a given year varies from 3

to 20 individuals for walleye and 4 to 9 individuas for yellow perch.
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Mean total mercury concentrations for Lake Chanmpiaalleye are approaching the Food and
Drug Administration (FDA) limit for human consumgti of 1 ppm fg/g). This action level is
set to provide an adequate margin of safety fér é@nsumption, and considers the types of fish
people commonly eat, levels of methyl mercury foundach species, and average consumption
amounts. It is designed to limit consumers’ expeda levels 10 times below the lowest methyl
mercury level associated with adverse health effetitfish tissue is found to exceed this action
level, the FDA recommends that state health demantsnissue local or water-body specific
advisories.

US EPA (2004) has compiled a database of tissueuneconcentrations in noncommercial fish
as reported by states and tribes across the coumigan concentrations for each species are
reported as the arithmetic mean of the means flaeh sampling station, for species with at least
100 stations reporting. Fillet samples for adish fof all lengths and weights are included in the
database. These national mercury concentrati@arday be useful as a reference or comparison
with Lake Champlain data. Mercury concentratiangellow perch collected from 1987 — 2003,
with 604 sampling stations reporting nationwideeraged 0.22:9/g. Yellow perch in Lake
Champlain have mercury concentrations that areedioghis national average (Figure 30). The
US EPA reports that walleye tissues samples frob2Ql stations for the same time period
averaged 0.4g/g. Annual mean concentrations in walleye frorkd&hamplain range from 0.6

— 0.9 ug/g for the four years they were sampled from 12000. Although these data are
difficult to put in context because no size infotioa is available in the US EPA data set, they
suggest that Lake Champlain fish have mercury linafgiens that are higher than those typically
found throughout the nation.

The US EPA also published a human health wateritguaiterion for methylmercury of 0.3
ug/g fish tissue in 2001 (US EPA 2001). Water dyatiriteria are usually expressed as
concentrations measured in the water column; beadse the main pathway of human exposure
is through consuming contaminated fish tissue, Ef5ed this fish tissue value along with
preliminary guidance for states on how to transiaiato a mercury concentration in ambient
surface water or effluent using bioaccumulationtdesz States are expected to adopt this or a
more stringent value as a water quality standardrfercury, and use it to control discharges
through permit limits or to develop mercury TMDLA#.is not clear how this is being addressed
in either Vermont or New York because the informathecessary to calculate bioaccumulation
factors is not available for Lake Champlain.

RESPONSE INDICATORS

In order to protect human health, the managemepbrese to elevated levels of mercury in fish
is the issuance of fish consumption advisories.chSadvisories are issued by the federal
government and state agencies, and they currerity | both Vermont and New York for
walleye, lake trout, and selected other fish.

Traditionally, the US FDA has issued advisories fieh and shellfish sold commercially and

imported into the US, while US EPA issues advisoae recreationally caught fish. In March of
2004, the US FDA and US EPA issued a joint consuaaeisory on methyl mercury in fish.
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This revised advisory was intended to reduce mgrexposure to the most at-risk population —
fetuses and young children. Women who may becamgnant, who are pregnant, and nursing
mothers should not eat shark, swordfish, king miagker tilefish and eat up to 12 ounces (2
meals) per week of fish and shellfish that are lowemercury (shrimp, canned light tuna,
salmon, pollock and catfish). Albacore tuna hasemercury than canned light tuna. One meal
per week of albacore tuna can be substituted ®Ptmeals per week choice above. This advice
also applies to young children, but they should deeved smaller portions (FDA 2004).
Consumers are advised to follow state advisoriefigh caught locally. New York advises that
women of childbearing age and children under 15ukhoot eat any fish from Lake Champlain
(New York State Department of Health 2004). Vertnbas advisories that are specific to
particular fish species (Vermont State Departmédntiealth 2000). New York and Vermont
both define a meal as 8 ounces of fish, while tbé& land US EPA define an average meal as 6
ounces. Table 15 summaries the fish consumptiomsades for Lake Champlain in the two
states.

Table 15: Fish consumption advisories for Lake Chaplain
(summarized from VT DOH 2000, NY DOH 2004).

New York Vermont
Women of Women of
childbearing childbearing
age and All other individuals age and All other individuals
] ) children under children under
Fish species 15 6
No more than 1 No more than 1
Walleye 0 meals 0 meals
meal/week* meal/month
Walleye > 19 No more than 1
. 0 meals
inches meal/month
0 meals
Lake Trout >25 No more than 1 (includes No more than 1
: 0 meals )
inches meal/month children under meal/month
15)
0 meals
Lake Trout<25 0 meals No more than 1 (includes No more than 3
inches meal/week* children under meals/month (?)
15)
Smallmouth Bass No more than 1
Chain Pickerel 0 meals meal/week * No more than No more than 3
. (1 meal/month for eel | 1 meal/month meals/month
American Eel
from Cumberland Bay)

Largemouth Bass 0 meals No more than 1 No more than No more than 6
Northern Pike meal/week* 2 meals/month meals/month
No more than 1

meal/week * Mo more than
Other trout 0 meals (1 meal/month for yellow 3-4 No advisory
Yellow Perch
perch from Cumberland| meals/month
Bay)
No more than 1
*
Brown Bullhead 0 meals meal/week” (0 meals for No advisory No advisory
brown bullhead from
Cumberland Bay)
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Pumpkinseed 0 meals No more thaf 1 No advisory No advisory
meal/week
No more than
All other fish 0 meals No more than 1 23 No more than 9
meal/week* meals/month
meals/month

*NY State has a default advisory for individualstd no more than one meal per week of freshwathr fi

There are several local, regional and state-spedsefforts to reduce sources of mercury to
Lake Champlain. Chittenden Solid Waste Districs laapublic education campaign to inform
residents about mercury in common household predacid how to identify and purchase low-
or mercury-free alternatives (www.cswd.net/hazasdouaste/). Hazardous waste drop-off
centers throughout the watershed accept mercunydigedems such as batteries, fluorescent
light bulbs, paints and thermometers. Vermont DS estimated the amounts of mercury
removed from the waste stream through municipakbbald hazardous waste programs since
2000, one potential measure of recycling prograrmcess. With funding from the Lake
Champlain Basin Program, the Northwest VermontdSdlaste Management District is working
with the Vermont Department of Agriculture to regamercury-containing manometers on
Vermont's dairy farms. As of October 2000, halftbé known manometers in the basin were
removed, each of which contained up to 1/2 pourderfcury (LCBP, personal communication).
The National Wildlife Federation worked with dentinics in the watershed to encourage
proper mercury disposal practices, also with LCBRdfng (LCBP, personal communication).

In 1998 the Vermont Legislature established theigaty Committee on Mercury Pollution to
work with Vermont DEC and Vermont Department of HegVDH) to improve mercury
reduction efforts. Non-regulatory programs inclumldreach on fish consumption advisories,
elementary and middle school education programerntbstat and fluorescent light bulb
recycling outreach, and hospital and dental climercury reduction programs (Vermont
Advisory Committee on Mercury Pollution 2004). R&gory efforts include Vermont's 1998
product labeling law, landfill disposal restrict®for labeled mercury-added consumer products,
and pending legislation that requires comprehensnaagement of mercury in Vermont,
including banning the sale of certain mercury-adplediucts (Vermont Advisory Committee on
Mercury Pollution 2004).

In 1998, the New England Governors and Eastern @iandremiers adopted a regional mercury
reduction policy with the goals of reducing emissidoy 50% in 2003, 75% in 2010, and to
completely eliminate emissions thereafter. Reduoestiin mercury emissions from municipal
waste combustion and industrial point sources m ithgion have surpassed the 50% goal
(Vermont Advisory Committee on Mercury Pollution@). Coal-fired and other power plants
remain the largest source of atmospheric mercui)) wut-of-region sources accounting for
one-third of mercury deposition in the region (Verh Advisory Committee on Mercury
Pollution 2004).

In January 2004, U.S. EPA released its first predasile to regulate mercury emissions from
coal-fired power plants nationwide for public comméUJ.S. EPA 2004). The rule caps power
plant emissions, either through implementing maximachievable control technology, or
through a market-based “cap and trade” programe HRA anticipates issuing a final rule in
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March 2005. When fully implemented, EPA estimétest emissions from utilities would be
reduced by 30-70 percent, depending on the regylafgproach selected.

Within the Lake Champlain Basin, the atmosphericamey load to the watershed is greater than
the load delivered to the lake in the surface wéddianley et al. 1999). That means that some
mercury is being stored in various compartmentsthed watershed, including the soils.
Consequently, management actions aimed at redgoih@rosion and sediment transport could
help reduce the mercury load to the lake, in adilitio the phosphorus and bacteria load.
Currently, efforts to reduce soil erosion are beimgplemented in agricultural areas where
phosphorus concentrations are high, and througimstater controls. Indicators for these
management responses were previously discusshd phosphorus issue area. Lake Champlain
forests tend to accumulate more atmospheric merttny other landscapes because the forest
canopy provides more surface area for mercury dipoper unit of land area (Shanley et al.
1999), therefore, efforts to protect these landaeill also help prevent additional mobilization
of mercury to the lake. Preliminary data from urb@atersheds suggests that on a unit area
basis, these watersheds may be among the largestesoof mercury to the lake (Shanley,
personal communication). Efforts at stormwaterticdrand management should help in this
land use type.

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

Although the effort in this area has increased wuttglly in the last few years as a result of the
funding coming to the US Geological Survey (USGIS)y data are still lacking for many
indicators. Atmospheric deposition was monitoredsistently in the early 1990s using funding
provided through NOAA, creating one of the bestdsts available in the world for the PMRC
site on Mount Mansfield (Shanley et al. 1999). Idwer, this data collection has been less
complete in the last several years, and the daanar readily available to the broader user
community.

The surface water data that are currently beindecild by the USGS should allow us to
estimate tributary loads for most lake segmentithofigh it would be best to track these loads
annually, in order to begin to develop an undeditamof natural variability, an update every 5
years to track trends is a suggested minimum gitiencosts associated with this work. As
analytical techniques allow, mercury concentrationgoint sources should be measured and the
point source loads re-estimated on a periodic basis

We have proposed five state indicators that wouddp hus track mercury in the major
compartments in the lake. This will take a considee new investment because currently we
have incomplete data for all these indicators. $deas of the mercury concentration in water
and sediment are necessary to begin to developsa bwance for the lake and to develop a
bioaccumulation factor for the food web. Mercugncentration in the sediment will change
slowly, but the current data are now more than ééry out of data, and new data are needed.
We have only four data points, from samples cadiécby UVM in 1997, to indicate the
concentration of mercury in the food web. A foaidata collection effort in this area is critical.
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Although both states collect fish samples for asialpf the mercury concentration in tissues, the
sampling design currently will not allow analysis frends over time. We recommend that both
states agree on one or two species, and a sizgocgtend that data in the future be collected
according to this agreement. Walleye should betboge species.

Other states are also working to gather data orumgiconcentrations in wildlife. For smaller
lakes, loons can be good indicators of the levemefrcury contamination in the watershed
(Vermont Advisory Committee on Mercury Pollution@®)); however, loons do not use Lake
Champlain as nesting habitat, so this specieshtlwork for this large lake.

The response indicators we recommend include tinebau of species for which consumption
advisories are posted, and the estimated load tiedacthat might be achieved by the LCBP
partner efforts in the watershed, and national @ntioental efforts to reduce mercury in
emissions. Data in all these areas are needed.

D. Issue Area: Sport Fish Community

A healthy fish community in Lake Champlain is imgaort from a recreational and ecological
perspective. Although several species of spolt fiave been stocked and otherwise managed
for decades, there are many factors influencingehish populations, not all of which are well
understood by scientists and managers. Our PSfRadietakes a trophic interaction approach to
the sport fish community (Figure 31). Because dffects of the parasitic sea lamprey have
been dramatic, much of the fishery managementtafiche basin has focused on this nuisance
species, but other management activities probdbty iafluence the sport fish through the food
web interactions.

Plankton
Sea Forage Fish Nonchemical
Lamprey R Stocking Alternatives
Angler Sport Fish I
Harvest 1 TFM ~.| Nontarget
Species
Habitat Hg and
Alterations PCBs

Figure 31: PSR diagram for the sport fish communiy.
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Table 16: Indicators for a healthy sport fish comnanity.

P .
Indicator S Available vear Source Ref Recommended Fr(_eq_uency
R Measure Measure (minimum)
Mean number of . . Mean number of
Sea Lamprey| P wounds per 100 | 1982-2002 LCFWMC; | Figure wounds per 100 | Annually
VT FW 32
lake trout lake trout
. Develop index of Update
Habitat . Page . :
Alterations P | Data unavailable 75 habitat quallty for| every 10
spawning areas years
Creel surveys by
Angler P | Data unavailable Page selected lake Annually
harvest 72
segments
Mean Hg .
o . Body burden in Updated
concentration in | 1958 5000/ VT DEC | F'9Y"®| key speciesby | every 5
walleye and 30 weight class ears
Hgand PCBs| P  yellow perch 9 y
Gonadosomatic Page Gonadosomatic Updated
index in juvenile 1995 UvM 7;’ index for selected] every5
walleye species years
Annual lake trout
Mean number of Page ooulation
Sport Fish S| lake trout per gill | 1982-1997| LCFWMC 9 hop ke Annually
net lift 73 abundance by lake
segment
Mean rainbow Fiqure Mean rainbow
smelt catch per | 1987-2002 LCFWMC 33 smelt catch per | Annually
Forage Fish S trawl trawl
Rainbow smelt 1984-2002 LCEWMC Figure | Rainbow smelt Annually
mean length 34 mean length
Phytoplankton ang i LCBP long-
zooplankton 19.91 2002, term bio- Biomass and size
. with some . .~ | Page P
taxonomic missing monitoring; 75 distribution of Annually
Plankton and composition and dates SUNY- zooplankton
biodiversity S | relative abundance Plattsburgh
Number of exotic
species in the lake 2000 LCBP — Page P;rgigii?bsugiﬁalce g\f’edratg
(fish and ANSplan | 75 N P y
y taxa years
plankton)
Abundance of Abundance of
Nontarget selected taxa i Figure selected taxa
species S before and after 1990-1995 LCFWMC 37,38 | before and after Annually
TFM application TFM application
Hatchery released Fiqure Hatchery released
Stocking R| smolt equivalents| 1972-2002 LCFWMC 85 smolt equivalents| Annually
by lake segment by lake segment
Miles of stream Figure | Miles of stream
TFM R exposed to TFM 1990-2000 LCFWMC 36 exposed to TFM Annually
Abundance of Abundance of
Nontarget selected taxa i Figure selected taxa
species S before and after 1990-1995 LCFWMC 37,38 | before and after Annually

TFM application

TFM application
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Stream miles
Nonche_mlcal R | Data unavailable LCFWMC Page treated k_)y Annually
alternatives 79 nonchemical

alternatives

PRESSURE INDICATORS

The population of sea lamprey, a parasitic, e@-figh, is probably the most important pressure
on the sport fish in Lake Champlain. Sea lamptégch to and prey upon salmonids, such as
lake trout, landlocked Atlantic salmon, and otheftes scaled fish in the lake causing unsightly
sores, reduced growth, and mortality (Fish and W&ldManagement Cooperative Fisheries
Technical Committee 1999). The impact of sea |layjn this top level of the Lake Champlain
food web has been monitored since the 1980s. Aperarental lamprey control study
conducted from 1990 through 1997 provided the bfasishe current sea lamprey management
strategy. The experimental study demonstratedttigatea lamprey population can be reduced
with the application of lampricides in tributariesd river deltas (Fish and Wildlife Management
Cooperative Fisheries Technical Committee 1999).

The impact of sea lamprey on Lake Champlain spsit s commonly measured in terms of
wounding rates. Although the wounding rate vafiem species to species (species with softer
scales are more susceptible) and from lake segioel#tke segment (sea lamprey are more
prevalent in deeper, colder lake segments), sepr&ampopulation reductions should result in
decreases in wounding rates. The average woundiegon lake trout is used to indicate the
pressure on sport fish from sea lamprey (Figure 32)

Sport fish populations in Lake Champlain are algsceptible to alteration and degradation of
fish habitat both in the lake and in the tributarieDifferent species require different spawning

grounds and nursery habitat. Indicators of bothghantity and the quality of habitat available

to various fish populations in Lake Champlain aisdributaries are necessary. However, at this
time, there are no data available to assess dflibezurrent condition of fish habitat or trends in

the amount of habitat available. In the futureprapriate indicators might include hectares of

“good” habitat available in the lake, and milessttbam habitat available in the tributaries.

Angler harvest is another pressure on Lake Chamgport fish populations. Although creel
survey data has been collected intermittently actios basin, we were unable to obtain any data
on angler harvest for inclusion in this report.c8ase recreational fishing on Lake Champlain is
both economically and ecologically important, thgact of harvesting on sport fish populations
should be quantified and incorporated into our usta@ding of sport fish population dynamics.

Toxins in the lake also have the potential to iafice sport fish population. As discussed above,
it is difficult to determine the status and tremddish toxicity in Lake Champlain because of the
irregularity of the sampling regime. However, amuer of recent studies have shown
reproductive impairments when fish are exposedéthgimercury (Hammerschmidt et al. 2002,
Drevnick and Sandheinrich 2003) or PCBs (Gutjahb&icet al. 1999, Matta et al. 2001) in their
diet at fairly low concentrations. A laboratoryidy conducted using juvenile walleye hatched
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from Lake Champlain parents has shown that mercary impair the development of the
reproductive system of 6-12 month old fish (Freidmaet al. 1996). Over the six month
experimental period, both male and female fish dethercury-contaminated diet grew more
slowly and showed lower gonad condition (measuneguthe gonadosomatic index) than those
on an uncontaminated diet. Male fish showed aisaptestes, especially in the higher mercury
treatment.
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Figure 32: Average number of wounds per 100 lake tut (533-633 mm). Lake trout
wounding rates were calculated from two different @tasets: data from the eight year
sea lamprey control study and data from the VT Depdament of Fish and Wildlife.
Treatment refers to the period where experimentaldmpricide treatments were applied.

STATE INDICATORS

Although lake trout population assessments areladgiconducted in the Main Lake and Inland
Sea using gill nets, we were unable to obtain tldesa or the estimates of lake trout abundance
that they produced. Over the monitoring perioduded in the eight year experimental sea
lamprey control study (1982-1997), a significantrease in the average number of lake trout
caught per net lift was reported for areas outsisteery management zones 3A and 3B, the
central and southern portions of the Main Lake {Fasid Wildlife Management Cooperative
Fisheries Technical Committee 1999).

Rainbow smelt, the primary forage fish for salmosfkcies in Lake Champlain, have been

monitored continuously in Lake Champlain since 12&4hg a midwater trawling technique
developed by Kirn and Labar (1991). In 2001 an@20nid-water trawling was supplemented
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by a hydroacoustic survey method to monitor rainisavelt in three sections of Lake Champlain
(Parrish et al. 2004). At four of the five stasofor which there are long-term data, catch per
unit efforts (CPUESs) were higher in 2002 than ievious years. Over time, CPUEs from

Juniper Island and the other long-term stationsvshacyclical pattern (Figure 33) (N. Staats,

U.S. Fish and Wildlife Service, Essex Junction,aent, unpublished data). Mean lengths of
rainbow smelt have remained relatively constargyfe 34).
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Figure 33: Rainbow smelt mean catch per 55 minutgaw! of rainbow
smelt at the Juniper Island station.

Smelt dynamics are the result of a complex seteoisdy-dependent, density-independent, and
environmental factors. Parrish et al. (2004) argantly working to refine smelt population
models for the Main Lake, Inland Sea, and MallBy that consider recruitment, cannibalism,
and predation. Estimates of cannibalism, as welk@oplankton consumption are also being
made based on diet analysis. Parrish et al. haneluded that smelt are highly cannibalistic,
especially when the young-of-year density is higld svhen the thermal structure of the lake
allows spatial overlap of the young-of-year witlder fish. Smelt population cycles may be
driven by this cannibalism. When smelt abundarareshigh, they may be able to limit the
abundance of zooplankton, as least in late summhars, in turn can cause individual smelt to
grow more slowly.
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Figure 34: Rainbow smelt lengths measured from 198¢hrough 2002 at three stations in
Lake Champlain.

Although Parrish et al. (2004) were able to develepsity estimates for the smelt population in
the Main Lake, Inland Sea and Malletts Bay usingpmbination of hydroacoustics and trawl
surveys, there were wide confidence intervals atdimese estimates, suggesting that detecting
trends in the data over time will be difficult. @itional work in this area will be needed to
refine the model and improve its predictive ability

Plankton is included as a state indicator to ca&ptime bottom up controls of productivity
(Schindler 1977, Wetzel 1983). Because phosphisrtesatured in its own issue area, including
links to the biomass of algae, we suggest usingsaorea of the zooplankton community to
represent this indicator in this issue area. Quiyreplankton samples are collected by the LCBP
Long-term Biomonitoring Program and analyses adeunay at SUNY-Plattsburgh. Currently,
the focus of this effort is on the taxonomic comfos of the zooplankton, but biomass and size
structure may say more about the grazing pressoréise lake, the allocation of phosphorus
among the food web components, and the resiliehtzke ecosystems in the face of phosphorus
enrichment (Kitchell and Carpenter 1993, Carpeatal. 1996). In the pelagic food web issue
area, we discuss these linkages further.

The introduction of exotic species has accelerated.ake Champlain and other aquatic
ecosystems despite increasing awareness of the tiwse species can pose for ecosystem
(Lodge 1993, Mills et al. 1994). Once in the lak@eese species can proliferate and cause a
cascade of changes in the natural ecosystem. zdla mussels, white percividrone
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americana) is a relatively recent invader that is believedhave entered the lake through the
Champlain Barge canal (Hawes and Parrish 2003)was first reported in 1984 (Plosila and
Nashett 1990) and has rapidly spread northward.is Ia planktivore that may displace
populations of native yellow perch and become alqmanant forage fish for higher trophic
levels. The implications of this for the sporthfisommunity are not clear. Likewise, other
potential invaders such as alewiféAldsa pseudoharengus), round goby Keogobius
melanostomus), and gizzard shadrosaoma cepedianum), all of which are already found in or
near the Lake Champlain Basin, could cause dramhtoges in the ecosystem. An indicator
that tracks the relative abundance of exotic sgeacidoth the plankton and the fish community
would help understand these changes and theirdatfins for the sport fish populations in the
lake. ldeally, data might be summarized by ma&ohomic group.

RESPONSE INDICATORS

Currently, there are two major management respotsethe state of sport fish in Lake
Champlain: stocking and sea lamprey control. Sssgrecies of sport fish, including lake trout,
land-locked Atlantic salmon, walleye, steelheaditrand brown trout are grown in hatcheries
across the basin and released into a wide rangigbafaries and lake segments. These species
are stocked in order to maintain sport fish poporet at levels that will sustain the recreational
fisheries in the basin, and because there doeappaar to be sufficient natural reproduction to
maintain the salmonids in the lake without assitanA stocking database for lake trout and
other salmonids is maintained by the NY DEC for ttake Champlain Fish and Wildlife
Management Cooperative (Figure 35).

Stocking rates for Lake Champlain are determinedheylLake Champlain Fish and Wildlife

Management Cooperative based on a variety of factiarly in the development of the strategic
plan for restoration of salmonid fisheries in LaBleamplain, it was recognized that maintaining
a healthy smelt population was critical to a susftdgrout and salmon fishery (Lake Champlain
Fish and Wildlife Policy Committee and Technicaln@uittee 1977). Beginning 1996, stocking
rates were reduced because the Cooperative reeofthiat the higher salmonid survival rates
resulting from sea lamprey control and other char@geurring in the lake might mean that the
rate of consumption of smelt could threaten theyiarm stability of this population of forage

fish (Fish and Wildlife Management Cooperative 18095 Estimates of the smelt available to
lake trout and other predatory fish are based amoaitoring strategy and bioenergetics model
also developed in 1995 (LaBar and Parrish 199%)e @urrent stocking rate is about 4 smolt
equivalents per acre, which is similar to the rased in the Great Lakes (Fish and Wildlife
Management Cooperative 1995a). The mix of laketfrétlantic salmon, brown trout, and

steelhead is based on consideration of the prefesenf Lake Champlain anglers (Fish and
Wildlife Management Cooperative 1995b).

The other major management activity focused ontdsir is the effort to reduce the population
of parasitic sea lamprey. The primary approachesapplication of chemical lampricides. TFM
(3-trifluoromethyl-4-nitrophenol) was applied inbwtaries where sea lamprey are known to nest
and river deltas are treated with Bayer 73 asqgfatte eight year sea lamprey control study from
1991-1997. The amount of TFM applied in the trivigs depends upon the tributary discharge
and the miles of stream accessible to sea lamgratyally, the entire length of stream accessible
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to sea lamprey tended to be treated, howeverfew aases the treated length was reduced as the
study proceeded (Figure 36).
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Figure 35: Lake trout stocking to stations alonghe Main Lake from 1973-2002.
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Figure 36: Miles of stream exposed to TFM in lakeesgyments with more
than one TFM application.
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Although these chemicals have been formulated dagtad to act selectively on sea lamprey,
there are nontarget impacts to other species idatkee and tributaries, including native brook
lamprey, other fish species, macroinvertebrategphdimans and mussels. For example, the
effect of the application of Bayer 73 in the Litthusable and Ausable River deltas on
gastropods was examined over a five year periogu(Ei37). There is a significant difference
between in the number of gastropods pretreatmedttha number immediately following
treatment in 1991. These differences persistatianl992 samples, but had disappeared by the
time that the 1995 samples were collected, suggedtiat the gastropod population may
naturally recover with time (Fish and Wildlife Mayement Cooperative Fisheries Technical
Committee 1999). Total density and other measoiréise fish community in Lewis Creek were
made before a 1990 TFM application (Figure 38).seRechers concluded that there was “no
undue adverse effect” on the fish community in lseWreek from the TFM application (Fish
and Wildlife Management Cooperative Fisheries TadirCommittee 1999).
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Figure 37: Mean number of gastropods per plot bef® and after the application
of Bayer 73 in the Little Ausable and Ausable Rivedeltas. 1991 pre shows
the mean number of gastropods prior to the 1991 tegment and 1991 post

shows the mean number immediately after the treatm.
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Figure 38: Total density of the fish community at_ewis Creek before and after
the 1990 TFM application. Densities were calculatebased on number of fish
collected from two electrofishing passes. 1990 Piethe density prior to
application and 1990 Post is the density after apigiation.

In an effort to reduce the need for chemical apgilbims, various nonchemical alternative sea
lamprey control measures have been tried. A lengrgoal of the sea lamprey control program
is to decrease the use of chemical treatment iorfa¥ nonchemical alternatives (Fish and
Wildlife Management Cooperative Fisheries TechniCammittee 1999). However, we were
unable to obtain data on the miles of stream tdeaith nonchemical alternatives.

Other factors that might influence the sport fissmenunity in Lake Champlain include the
introduction of exotic species, and phosphorus c¢godn, which may ultimately reduce the
available phytoplankton at the base of the food.we&hanges that might occur through the
plankton are addressed in the next section.

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

A considerable amount of data is being collectedhia area by the cooperators in the Lake
Champlain Fish and Wildlife Management Cooperativeyvever, most of these data are not
compiled and made available in electronic formhe tiser community. We recommend that
these data be made more widely available and févencore of the measures used for the
indicators in this issue area. We have proposed foessure indicators. The Cooperative is
collecting sea lamprey wounding rate data and amglevest data, and these should be compiled
and made available on an annual basis. Becaustatheonditions and toxic contamination

could also be driving the populations of sport fisew data collection in these areas is needed.
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Our state indicators relate to the population abuod of sport and forage fish. Currently,
adequate data are being collected on the sportafishsmelt populations in the Main Lake,
Inland Sea and Malletts Bay lake segments. Howsditde data is being collected outside of
these areas. Also, a significant threat to thetdh community is the invasion and expansion
of exotic species of fish in the basin. A new estaidicator is needed to track the population
growth of these exotic species and their potemtisplacement of smelt in the food web. An
additional plankton indicator is needed to tie tesponses of the sport fish community to
changes in the food web from the bottom up.

We have recommended response indicators that redagea lamprey control and stocking.
Although good data are kept on the fish stocked the lake, the data relating to sea lamprey
control are incomplete and need additional attentespecially to track efforts in nonchemical
control of lamprey.

E. Issue Area: Pelagic Food Web

The plankton community responds directly to therieat levels and overall water quality in
Lake Champlain. It is also the base of the foot wiimately leading to Lake Champlain’s fish
communities. The diversity and abundance of tla@kibn will determine much about both the
ecological health of the lake, and its usefulnesa eecreation and drinking water source.

The phytoplankton community in Lake Champlain histly has been dominated by
cryptophytes, diatoms, and cyanobacteria, with oanteria (also known as blue-green algae)
densities highest in late summer and early fall éMgnd Gruendling 1979, Brown et al. 1992
and 1993, Shambaugh et al. 1999). Highest phgtdépbn densities have consistently been
observed in Missisquoi Bay and the South Lake.

Although cyanobacteria have always been a commanopahe plankton of Lake Champlain,
toxic blooms were not documented until 1999. Sithed year, blooms have regularly occurred
in portions of the lake, with the worst episodesurang in Missisquoi Bay and St. Albans Bay.
In these locations, visible surface scums have édrin each of the last four years (2000-2003).
During the summer of 1999 and again in 2000, s¢degs died after ingesting water from Lake
Champlain containing large amounts of cyanobacteBeaginning in 2000, a collaborative team
from UVM, SUNY-ESF, and other institutions has daomnted the regular occurrence of toxin-
producing cyanobacteria in the lake and presencenedisurable and potentially hazardous
amounts of toxin on several occasions (Rosen e2Qf)1, Watzin et al. 2002, Watzin et al.
2003b).

The following PSR diagram (Figure 39) is prelimyand meant to stimulate discussion about

both the causal relationships and the patterndohdance of the plankton in Lake Champlain
and their links to the rest of the food web and homses of the lake.
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Figure 39: PSR diagram for the pelagic food web.

Table 17: Indicators for the pelagic food web.

P .
Indicator S Available Year Source Ref Recommended Fr(_eq_uency
R Measure Measure (minimum)
Number of
P and N in Number of sampleg  1992- Figure | samples with an
water Pl with N:P> 50 2002 LCBP 40 | N:P=50 by lake| Annually
segment
1992- Taxonomic
Taxonomic 2001 LCBP and composition and
composition and (some SUNY- post Annually
relative abundance missing Plattsburgh relative
Phytoplankton abundance
communit S years)
y Percent toxin Percent toxin
producing 2001- Table producing
cyanobacteria in 2003 UM 18 cyanobacteria by Annually
selected locations lake segment
Toxin Toxin
Blue green S concentrations by | 2001- UVM Table concentrations by Annually
algae toxins selected lake 2002 19
lake segment
segment
Taxonomic
. composition and
Zooplankton S co;a)gi]t(i)g:]lcan d 1992- ngzgpd Figure relative Annuall
community P 2002 41 abundance; y
relative abundance Plattsburgh .
average size of
the zooplankton;
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Ratio of
1992- LCBP and phytoplankton
2002 SUNY- biomass to Annually
Plattsburgh zooplankton
biomass
| Data for adults Biomass/m for Update
Zebra mussels $ . areas less than 30 every 5
unavailable
m deep years
Mean rainbow 1987- Fiqure Mean rainbow
smelt catch per 2002 LCFWMC 33 smelt catch per| Annually
Forage Fish v Pt;?(\;\gnt Update
Num_ber_of exotic 2000 LCBP — ANS abundance of every 2
species in the lake plan . .
exotic species years
Days of beach
Beach closure| H closure by lake | Annually
segment
Drinkin Number of
9 drinking water
water R o Annually
o advisories by
advisories
lake segment
Annual mean i LCBP long- Total phosphorug
Phosphorug R | tributary P load by 1991 term load reduction by Every 2
load reduction 2002 . o years
lake segment biomonitoring lake segment

PRESSURE INDICATORS

Phosphorus is considered the primary limiting mmtriin Lake Champlain, however, both
phosphorus and nitrogen can limit the growth of thlgal community and different
phytoplankton groups have different specific nuirieequirements (Kilham 1990). Although
there is generally a positive relationship betwtsal phosphorus concentration and both total
phytoplankton and cyanobacteria abundance, at ieabte absence of zebra mussels (Huzsar
and Caraco 1998, Paerl et al. 2001, Raikow et @04 a more sensitive indicator of
cyanobacteria abundance and dominance might beelditeve quantity of available phosphorus
and nitrogen (Smith 1983, Elser 1999).

In a study of 17 north temperate lakes, Smith (1988ind that cyanobacteria tended to
dominant when the epilimnetic total N:P ratio fedlow 29:1 by mass. Although a low N:P ratio
alone does not mean a cyanobacteria bloom willp@nd several other studies have not found
a relationship between N:P ratios and cyanobactdimdance (Jensen et al. 1994, Scheffer et
al. 1997) or found a weaker relationship than weither nutrient alone (Downing et al. 2001),
the availability of N and P are still widely conerédd to be important factors contributing to
cyanobacterial dominance (Hyenstrand et al. 1998i®terocystous cyanobacteria may have an
advantage when N is limiting because they can tixogpheric nitrogen (Howarth et al. 1988a,
1988b). The ability of many cyanobacteria to reggltheir buoyancy, to be able to sink to
where nutrients are available and then rise to /kanlight is optimal (Hyenstrand et al 1998a,
Wallace and Hamilton1999) and the ability of sonyarmobacteria to outcompete eukaryotic
photoplankton for ammonium-nitrogen (Wilhelm et 2003) may also convey an advantage to
the group.
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Using the TN and TP data gathered by the LCBP Ltengr Water Quality Monitoring Program,
we found that the ratio of TN:TP does regularlyeed 29 in the summer in most years in the
South Lake and the Main Lake (Figure 40). HoweiweEt. Albans Bay, over the entire 10 year
period from 1992 to 2002, the ratio only exceed@dBce in 1997 and three times in 1999. In
Missisquoi Bay, the ratio only exceeded 29 onc2d@l and four times in 2002. On average 15
samples are collected each year during the progusgason.

Clearly, these patterns do not correspond withctenobacterial dominance we have seen in
Lake Champlain. Based on data collected by Wadrzi. (2002, 2003b, 2004), the South Lake
is never dominated by cyanobacteria; although trenM_.ake is frequently dominated by
cyanobacteria in the late summer, and was espgsialin 1999 (Watzin et al. 2000), it does not
regularly experience the noxious blooms observedigsisquoi Bay and St. Albans Bay.

Although we have recommended that the ratio of beRused as an indicator, we also suggest
that the relationship between the individual nutrieneasures and cyanobacteria abundance
continue to be explored. If additional data shove @hat the concentration of N or P alone
provide a better indication of cyanobacterial doemice, then these could be substituted as
indicators in the future.
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Figure 40: Number of epilimnion and unstratified waer quality samples taken from
Main Lake and South Lake with a nitrogen to phospheus ratio greater than or equal
to 29 (on average, 15 samples wer e collected irckaear in each lake segment).
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STATE INDICATORS

Both nontoxic and potential toxin-producing cyanckaa taxa have been observed in the
plankton of Lake Champlain, but in the last fouange potential toxin producers have dominated
(Table 18). The most common potential toxin-praaacinclude severahnabaena spp,
Aphanizomenon flos-aquae, and Microcystis aeruginosa (Rosen et al. 2001, Watzin et al. 2002,
2003b, 2004) Both anatoxin-a and microcystins have been deteébtedghout Lake Champlain
and the range of concentrations seen is considei@ble 19). In Missisquoi Bay and St
Albans Bay, concentrations are well above theg/lL limit recommended by the World Health
Organization (1998) for the protection of humanltheand are a clear cause for concern.

Table 18: Frequency of occurrence of potential toxi-producing species of
cyanobacteria in Lake Champlain (Watzin et al. 2004

2003 Frequency of Occurrence — Perce8amples
Main South Missisquoi St Albans and other

Taxon Lake Lake Bay Northeastern Bays

Anabaena flos-aquae 83 29 57 53

Anabaena spp 51 50 43 58

Microcystis aeruginosa 47 43 94 56

Coelosphaerium spp. 34 29 4 44

Gloeotrichia spp. 1 0 5 9
_Aphanizomenonflos-aquae | 3 43 | 22 | 49

Samples Analyzed 102 14 175 45

Table 19: Range of toxin concentrations seen in La&kChamplain, 2001-2003
(Watzin et al. 2002, 2003b, 2004).

Microcystin Anatoxin
Location (ug /L) (ug /L)
Main Lake nd.—1.15 nd.—1.2
St. Albans Bay nd.—114 n.d.-0.3
Missisquoi Bay n.d. — 2,500 nd. —0.1

Zebra mussels are voracious filter feeders antieashave invaded aquatic ecosystems in North
America, there have generally been significant gkeann available nutrients and the plankton
community, including changes in nutrient availapjlidecreases in phytoplankton density, a
change in the dominant phytoplankton species, addations in small zooplankton (Maclsaac et
al. 1995; Pace et al998; Baker et all998; Idrisi et al2001; Vanderploeg et &001; Dionisio
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Pires and van Donk 2002, Raikow et al. 2004, Br2@34). What is causing this shift is not yet
clear, although selective grazing and changes itriemi availability are two potential
hypotheses.

Herbivorous zooplankton may also influence phytoklan community composition.
Cladocerans are perhaps the most important grarensg the zooplankton, and several studies
have shown positive correlations betwe&aphnia abundance and lower densities of
cyanobacteria (Smith 1983, Elser 1999, Jacoby.&x08l0). Other studies have suggested that
the toxins that cyanobacteria produce may make tinedesirable or even toxic to zooplankton
(Haney 1987, Demott 1999), and there is evidehaericrocystin production is at least in part
a response to grazing pressure (Jang et al. 2003).

The complexities of the food web in Lake Champlaia still largely unknown. In a research
study conducted prior to the establishment of zeluasels, Levine et al. (1997a and b) found
that both nitrogen and phosphorus could controtggignkton abundance in the Main Lake and
nutrients generally influenced the phytoplanktonrenthan grazing by zooplankton. In a
laboratory study with a natural plankton commurirym the Main Lake, Brines (2004) found
that phosphorus concentrations increased and Ni®s rdecreased following the addition of
zebra mussels to her experimental systems, a comdiat could favor the cyanobacteria.
Zebra mussels also caused significant declinedl iphgtoplankton groups, protozoa, rotifers,
and copepod nauplii. This study suggests thaethexy be substantial changes occurring in the
plankton of Lake Champlain through both direct amirect pathways.

In an analysis of the trends in zooplankton comwsiand abundance at the Long-term
Biomonitoring sites, Carling et al. (2004) foundyrsficant reductions in the rotifers in many
Lake stations (Figure 41), including those whetfgraenussels had not yet invaded (for example,
Station 50 in Missisquoi Bay). They suggest, hasvevhat because of the hydrologic
connections between lake segments, these reductimig be the result of the high abundances
of zebra mussels in the Main Lake. Although iingossible to predict how the planktonic
foodweb might adjust to the continuous presenceebfa mussels, clearly zebra mussels have
the potential to strongly influence the planktormeounity and possibly those higher trophic
levels that depend on the plankton.

There is an ever-growing body of literature that Baamined the food web linkages in lakes and
how they respond both to phosphorus enrichment fr@rbottom up and grazing pressure from
the top down. This literature clearly shows thathbpathways can have significant influences on
biota that dominate and the resilience of the keg¢@system (e.g., Sarnelle 1992, Kitchell 1992,
Rudstam et al. 1993, Carpenter and Cottingham 1@@rpenter et al. 2001, Jeppesen et al.
2003). While zooplankton biomass is necessabjaenergetics models linking the plankton to
planktivorous fish, the size of the zooplanktonrelates strongly with its ability to control
phytoplankton growth, with larger zooplankton ek®gtmuch stronger control. Therefore, we
propose that zooplankton size be used as one nesiasuhe zooplankton indicator.
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Figure 41: Trends in selected zooplankton biodivesity measures at sites included in the
Long-term Biomonitoring stations in Lake Champlain (from Carling et al. 2004).

In an elegant study of 466 lakes, Jeppesen e2@0.3) showed that nutrient state and lake depth
influence the ability of grazing fish to control yibplankton biomass. In their analyses, fish

predation was significant in both nutrient rich amatrient poor lakes, but the cascading, top
down effects of fish on phytoplankton were greatestutrophic lakes because of the lack of
nutrient controls on phytoplankton and the low Zangton to phytoplankton biomass ratio. In

shallow lakes, the high benthic production alsadéehto support a higher planktivorous fish

community which can increase grazing pressure. sWggest that a ratio of zooplankton to

phytoplankton biomass could be developed as awratwl of the cascading effects through the
food web in the various lake segments. Becauskeo$ubstantial differences in lake segments,
all the indicators in this issue area must be erathon a lake segment basis.

The literature discussed here, and many otheregutearly suggest that the state of the lake’s
aguatic community depends on both nutrient andefiss management, and that these two
management emphases should be considered in tandirare not yet doing that in the LCBP
program, but as data are collected in this issaa,dhey might support an effort to move in this
direction.

RESPONSE INDICATORS

The primary management strategy to reduce nuisdbcems of cyanobacteria in Lake
Champlain is phosphorus load reductions, theretbeephosphorus load reductions achieved by
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lake segment are a good response indicator. leraw protect people from the hazards

associated with exposure to cyanobacteria toxiealtih advisories have been posted in Vermont
and Quebec in the last several years. Both belasings and drinking water restrictions have

been necessary. Although these data have not dmkected, the number of days of beach
closure and the number of drinking water systertricti®ns would be useful indicators of these

management actions. As cyanobacteria densitiec@rgolled, these indicators should also

decline.

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

Currently, we have proposed just one pressure atalidn this issue area. Although from a
bottom-up perspective, this indicator should captilne major human impact on the plankton,
changes occurring from the top down are probaldg ahportant. It is also possible that other
water quality changes may be contributing to thitepas in the plankton. These possibilities
should be considered as more data are gatherbiissue area.

We have proposed six state indicators in this issaa that relate to the major compartments in
the food web. Although phytoplankton and zooplankdlata have bee collected since the early
1990s as part of the LCBP Long-term BiomonitoringdPam, there have been problems in
completing the enumeration of these samples andngéake data available. As these data
become more available additional effort should xgeaded to develop metrics that might relate
to the taxonomic composition, relative abundanoé, l@omass of these two groups of plankton.
Because food web structure varies tremendouslysadi®e lake segments, the indicators in this
issue area should be followed on a lake-segmetdak®rsegment basis. Although toxic blooms
have been most prevalent in the Missisquoi Bay Iségment, because toxic cyanobacteria
blooms have become a major public concern andaaityrifor the LCBP, the percent potential
toxin-producing cyanobacteria species should bekéw in all lake segments. Toxin
concentrations should likewise be tracked in &elaegments. This will require an increased
level of investment by the LCBP.

As previously discussed in the phosphorus issug, asimates of the biomass of zebra mussels
in each lake segments are needed to track thesimd®iof this exotic species on the plankton.
Although smelt populations are being monitored ame lake segments, additional indicators
that relate to forage fish and the upper compartsneinthe food web should be developed.

The three response indicators that we recommerderéb the current management focus on
toxic cyanobacteria blooms and reductions on phaggh The information necessary for

tracking beach closures and drinking water adwesorexist and should be compiled as
recommended.

F. Issue Area: Water Chestnut

According to the recent draft of the Aquatic Nuisarspecies plan for Lake Champlain, at least
40 aquatic nuisance species (ANS) have been irteminto waters of the Lake Champlain
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Basin. As part of the Long-term Biomonitoring Praxg, the LCBP had been keeping informal
track of these invasions since 2001 (Eliopoulos @taohgel 2001).

Water chestnut Trapa natans L.) is an invasive plant that can impede recreatioand
commercial water uses and negatively impact nagtiemt communities (Hunt and Crawford
2002). It was first documented in Lake Champlairthe early 1940s in shallow bays in the
southern end on both the Vermont and New York shork is generally assumed that water
chestnut seeds were brought to Lake Champlain atsliaveling through the Champlain Barge
Canal from the Mohawk or Hudson River (CountrymEgi/0).

Water chestnut is one of the few manageable agnatsance species found in Lake Champlain.
Because of this, and the highly significant impiieas of this infestation for human use and
enjoyment of the lake, we have developed a PSR hfod& (Figure 42). Water chestnut is
managed by harvesting the plants prior to seeddtiom, thereby inhibiting further spread of the
infestation.

Water-based
Recreation

Harvesting

Area Infested (mechanical and hand)

Native Aquatic
Plants

Figure 42: PSR diagram for water chestnut managenme.

Table 20: Indicators for water chestnut management

Indicator PSR Measure Year Source Ref Recommended Fr(_eq_uency
(minimum)
Area p Miles north of | 1982- VTaEdEC Figure | Miles north of Whitehall, Annuall
Infested Whitehall, NY | 2002 43 NY y
LCBP
Water-based S Data Develop measure of | Update every
Recreation unavailable recreational use 5 years
Native Native species present and
. Data percent cover in shallow| Update every,
Aquatic S .
unavailable water by affected lake 5 years
Plants
segment
Harvesting Dollars spent | 1991- Dollars spent on
R on harvesting | 2002 LCBP harvesting Annually
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Number of . .
mechanical 1982- LCBP Figure Number of mechanical Annually
2002 43 harvester loads
harvester loads
Biomass Biomass removed b
removed by ??7? LCBP . y Annually
. hand-pulling

hand-pulling

PRESSURE INDICATORS

The area of the lake infested by water chestnuasored in miles north from the southern end of
the lake in Whitehall, NY and indicates the extefithe pressure on the lake ecosystem. The
northern most point of the infestation, measurediles from Whitehall, NY has been tracked
since the early 1980s (Figure 43). This indicasodirectly responsive to management, which
has focused on keeping the area of infestation frmving north in the Main Lake.

STATE INDICATORS

Although surveys of the location and density of evathestnut and native aquatic plants were
conducted by the VT DEC in 1994 and from 1998 t632Q@hese data only exist in paper records
and are not generally available. However, becaweger chestnut displaces other aquatic plant
species and is of little food value to wildlife, appropriate state indicator would be the relative
dominance of the plant cover by water chestnut.

Water chestnut is known to be a nuisance for wiadsed recreationalists. However, we are not
aware of any systematic data that quantifies wadsed recreation on Lake Champlain. If, in
fact, a justification for management is the detireise the lake for recreation, then an indicator
of recreational use in areas of historic infestagbould be developed.

RESPONSE INDICATORS

Water chestnut has been harvested from Lake Champith varying intensities since 1982
(Figure 43). There is a noticeable decline in ioethern extent of water chestnut following
years of intensive harvesting. Because the semdain viable in the seed bed for up to twelve
years (Countryman 1970), harvesting needs to caeeny year in order to prevent reinfestation.
With persistent management year after year, thestafion of water chestnut could be contained
if not eradicated in some areas
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Figure 43: Spread of water chestnut north of Whiteall and loads of water
chestnut harvested from 1982 — 2002 (data from LCBP

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

Our pressure indicator builds on a long-term da&ta Isut ignores water chestnut in northern
sections of the lake. In 1998, the first populatad water chestnut in the north was found in
Quebec, Canada. This new infestation was locatatie South River approximately 9 miles
northwest of Missisquoi Bay, Lake Champlain (LCS@32). Plants have since been found in
the Richelieu River and Pike River, Quebec (Hurd @nawford, 2003). A pressure indicator
for this infestation should also be developed.

Neither of our proposed state indicators is culyebeing measured. Both these indicators
relate directly to the reasons so much managentemttian is focused on this species, and thus
should be added as soon as practical.

G. Issue Area: Recreation and Cultural Heritage Rsources

One of the goals in the management @mportunities for Action is to manage Lake Champlain,
its shoreline and tributaries for diverse recrewlouses. Lake Champlain related tourism and
recreation are major contributors to the economyhef region; tourism brought an estimated
$3.8 billion to the basin in 1998/99 (LCSC 2003This demand is based, in part, on the
condition of the ecosystem. If the condition ok tlkake were to degrade substantially, a
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corresponding drop in recreational and tourismvdgticould be expected. However, as the
number of people residing, visiting and recreatm@nd around Lake Champlain increases, the
potential for ecosystem degradation also increaséerefore, ecosystem management efforts in
other issue areas to mitigate the impact from ar @wreasing number of people can also be
considered a response indicator in this area as Wéle diagram presented here (Figure 44) is
preliminary and meant to stimulate discussion abthg linkages between recreation

management and the other issues areas.

Recreational
Infrastructure
Demand LCBP
Investments
Cultural Heritage
Resources
Ecosystem Ecosystem
Condition Management

Figure 44: PSR diagram for recreation and culturalheritage resources.

Table 21: Indicators for recreation and cultural heritage resources.

Indicator PSR Measure Year | Source| Ref Recommended réguency
Population and tourism Update
every 5
growth rates
Demand P . years
Lake-related recreation  Update
interests, both residents every 10
and tourists years
Ecosystem State measures in Update
” P . every 5
Condition other issue areas
years
. Miles of bikeway . Miles of bikeway
Recreational 1995- Figure
Infrastructure S around La_ke 2003 LCBP 15 around La_ke Annually
Champlain Champlain
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Number of public Number of public

access sites or access sites around Uodate
improvements 1995- LCBP Lake Champlain per e\f)er 5
around Lake 2003 capita (residents and ea>r/s
Champlain funded tourists) by lake y
by LCBP segment
Congestion and
adequacy of harbor Update
. every 5
facilities by lake
years

segment

Number of
interpreted wayside
exhibits in the Lake

Number of interpreted|  Update
2003 | LCBP wayside exhibits intheg every 5
Lake Champlain basin years

Cultural s Champlain basin
Heritage Sites Number of interpreted
. : Update
cultural heritage sites every 5
in the Lake Champlain y
. years
basin
LCBP Dollars granted by Dollars granted by
LCBP for recreation| 1993- Figure | LCBP for recreation
Infrastructure | R . LCBP . Annually
and cultural heritage 2001 46 and cultural heritage
Investments . ;
projects projects
Response measures Response measures in As
in other issue area other issue area appropriate
Ecosystem R Dollars spent on Dollars spent on
Management environmental 1994- LCBP Figure environrﬁental Annuall
education and 2003 47 y

education and outreach

outreach

PRESSURE INDICATORS

Although not everyone living in and visiting the teeshed engages in recreational activity
associated with Lake Champlain, it is reasonableagsume that the recreational demand
associated with Lake Champlain will increase ingartion to the increase in the total number of
people in the basin. The basin resident populat@s been increasing steadily for the last 50
years (Figure 4). The tourist population is alaoyé and growing although data specific to
tourism on Lake Champlain are lacking.

Demand is a complex function of population andredes. There is currently little data on
recreation interests that are tied directly orreclly to Lake Champlain. These data could be
obtained using an appropriately designed surveyument.

STATE INDICATORS

Public access is a prerequisite for boating, swingnifishing, SCUBA diving, sightseeing,

bicycling, wildlife watching, camping and the myagof other ways residents and tourists enjoy
Lake Champlain and its shoreline. Anecdotal ewigeabout competition for boat mooring and
docking slips throughout the Lake and a 1995 studfarbor congestion and boater conflicts in
Malletts Bay (T.J. Boyle and Associates 1995) satgy¢hat the recreational infrastructure to
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support some activities may be inadequate. Howew&hout more data on demand for

particular activities at particular locations iretbhasin, it is difficult to develop a quantifiable

measure or indicator of the adequacy of public sste the lake. One possibility is to array the
number of public access points in each lake segnaéorig with the number of people they are
designed to support in terms of parking spaces, toaider parking, restroom facilities, etc. with

the resident and seasonal or tourist populationthfise lake segments.

Because of increased interest in bicycling, the PQias provided seed money and support to
efforts to facilitate the development of bike patl maps of biking routes around the lake.
The “Lake Champlain Bikeway” was created in 1995ince then miles have continued to be
added to the network (Figure 45). There are ctigeh100 miles in the Lake Champlain
Bikeways, including a 350-mile loop around the laked 27 shorter theme loops scattered
throughout the basin.
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Figure 45: Miles of bikeways included in the Lake Gamplain Bikeway.

Because of Lake Champlain’s role in early Ameritastory, the region is rich with cultural
heritage resources including underwater shipwret&gonal historic sites and museums. There
are now six underwater Historic Preserves thatnaagntained by Lake Champlain Maritime
Museum. These are located at shipwreck sitesSGatBA divers can visit. In 2001, the LCBP
designed a template for a unified system of outdeayside exhibits. In 2003, there were 62
exhibits in that system (LCBP 2003), and more aopetioually added. The number of
interpreted wayside exhibits would be a usefulaatbr in the future.

RESPONSE INDICATORS

Through the Public Access Grants Program and RaHipe Program grants, the LCBP has
invested in creating new public access sites, aenhgrexisting public access sites around the
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Lake Champlain shoreline, and supporting a vamétyecreation and cultural heritage projects
for both residents and tourists (Figure 46). Tl of investment increased significantly in the
late 1990s but declined in 2001 because fundingufport these activities from the National
Park Service was interrupted. To date, the LCBspent $140,569 for public access.
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Figure 46: LCBP Grants for recreation and cultural heritage projects.

A variety of education efforts have been undertabgrthe LCBP to raise awareness about the
condition of the Lake Champlain ecosystem and ftvae environmental stewardship in the
basin. Public awareness and education are ealsentdrder to help support the changes in
personal behavior that are prerequisite to betaditions across all issue areas, and thus the
level of activity in this area can serve as onecar of management response (Figure 47).

Increases in recreation and tourism in the Laken@ian Basin depend on the condition of the
lake and but also influence the condition of thieelatherefore, additional information about
demand and public perceptions about lake condisioreeded.

ASSESSMENT OF ADEQUACY AND ADDITIONAL MEASURES

Because it is a combination of demand and ecosysterition that drive recreational pursuits
in the Lake Champlain basin, we have recommend®drbicators be developed in these areas.
Although population data exist for the Lake CharmplRasin, we were not able to find lake-
specific tourism data. Along with specific data take-related recreation interests in the
watershed, these data are a critical need.
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Figure 47: LCBP funds spent on public outreach aneducation.

The state indicators we have recommended are basethe infrastructure and resources
available to support recreation and cultural hgataourism in the basin. Clearly additional
measures that capture these indicators could belajsad.

There are two major categories of management actibat are undertaken to support lake
related recreation and heritage tourism. One oayeig the investments made by the LCBP to
develop the appropriate infrastructure, and theroth investments in ecosystem management
activities. Additional measures in both categodesld clearly be developed over time.

H. Overall Assessment of PSR Models

An overall assessment of the condition of the L&kamplain ecosystem and the effectiveness
of management can be derived from a collectiveysmabf all the PSR diagrams. In such an
analysis, it immediately becomes clear that the dumpopulation residing in or visiting the
basin, and the activities that this population utadees, are the penultimate stressors in the Lake
Champlain ecosystem. As the human population growse land is consumed, more waste and
pollution are generated, and additional stresseplaced on the Lake Champlain ecosystem. In
order simply to maintain the current condition loé tecosystem, more aggressive management is
needed. To improve the condition, an extraordimewegl of effort will be required.

The changes that are occurring throughout the $akebsystem are occurring through diverse

and complex pathways. The more we understand ahest pathways, the more effectively
management can target responses to control unwahimtges. An ecosystem management
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approach will required an explicit considerationtloé position and role of people as part of the
Lake Champlain ecosystem. A proactive approachanagement will require a comprehensive
information base that can be used in adaptive neanagt over the long-term.

[ll. DEFINING ACCEPTABLE LEVELS

In order to interpret the indicators we have depeth the LCBP must define acceptable levels
for these indicators. Those levels then becomentla@agement targets. As introduced
previously, acceptable levels can be defined fraith la social and an ecological perspective.
The following sections present the analyses we tiodle to inform the definition of acceptable
levels for a core set of indicators. In theselym®s, we focused on the state indicators. If an
acceptable level of these indicators can be defitieoh based on the linkages in the ecosystem,
definition of the acceptable levels of the pressndecators and response indicators will follow.

From the ecological perspective, we concentratedstatistical approaches to uncertainty
analysis. We also discuss the notion of ecolodlv@sholds and outline some ways to approach
acceptable ranges based on this concept. Fromottial perspective, we conducted a choice
experiment using five key characteristics of th&kd.&hamplain ecosystem. We also generated
social norm curves for selected indicators.

A. Acceptable Levels from an Ecological Perspeciv
Introduction to Uncertainty

While there are many sources of uncertainty in agiobl indicator projects, most of the case
studies we reviewed do not acknowledge or attempjueintify uncertainty. Uncertainty is the

condition of being in doubt. Macintosh et al. (49@efined two major types of uncertainty;

knowledge uncertainty and stochastic variabilit)knowledge uncertainty is the result of

incomplete understanding or inadequate measureafieystem properties and is a property of
the analyst. Knowledge uncertainty can be furthartitioned into model and parameter

uncertainty. Stochastic variability is the resoftunexplained random changes in the natural
environment and is a property of the system untlelys Stochasticity can be further subdivided
into temporal and spatial variability.

Quantifying uncertainty amounts to “intellectualniesty” (Reckhow 1994, Haan 1995) and can
provide valuable information for decision makersgsion and Storm 2000). First, quantifying
uncertainty provides information on the reliability the predictions. In other words, a low
prediction uncertainty indicates a high value dbimation contained in the prediction (Chapra
and Reckhow 1979). Second, uncertainty analyBsvalfor designing a management program
or pollutant reduction strategy to achieve a deseeological state with a specified probability,
thus accounting for the possibility of success faildre (Hession and Storm 2000). A particular
management decision does not result in a single@maental response to be realized year after
year but a whole range of responses to which pibtied can be assigned (Haan 1995). Water
guality managers want to avoid concluding that @&ewhody is impaired when it is not (false
positive) or that it is not impaired when it islffa negative) (Shabman and Smith 2003).
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Ecosystems are complex, variable, and diversetureéKelly and Hartwell 1990), and there are
many sources of uncertainty in the data used teeldpvindicators (Hunsaker et al. 1990).

Interpreting indicator levels requires an underditagy of the natural variation (Landres 1992)
and a recognition and quantification, when possitie¢he inherent uncertainties (Hunsaker et al.
1990). Regional indicator programs may be subjeatincertainty as a result of differences
between sampling protocols as well as spatial bgesreity in the landscape over a large
geographic area (Hunsaker et al. 1990). Measumgtigators at discrete time intervals is another
source of uncertainty because the timing of measanés may not coincide with the timing of

environmental stressors or changes (Hunsaker £980).

The natural variability of indicators can be sohitpat their use in detecting changes in the
ecosystem as result of the pressures on it caretyelow. Kelly and Harwell (1990) define the
signal-to-noise ratio of an indicator as the coretdisensitivity of the indicator to respond to a
given perturbation compared to the normal variavérihe indicator over time and space. A
high signal-to-noise ratio is required for sensitigtress-specific indicators, while a low signal-
to-noise ratio is acceptable for screening indigtespecially involving inexpensive or easily
measured variables. The signal-to-noise rationoicators cannot be evaluated without an
explicit quantification of the variability inheremt the indicators. Identifying and understanding
the full range of possibilities, as presented sagtibally through statistical procedures or a
guantitative uncertainty analysis, provides usefiibrmation for planning and management
(Hession et al. 1996, Hession and Storm 2000).

Example Analysis

As an example of how uncertainty can be addresgednalyzed the phosphorus data collected
as part of the LCBP Long-term Biomonitoring Progranmn 2003, the Vermont and New York
Departments of Environmental Conservation developeel phosphorus TMDL for Lake
Champlain (VTDEC and NYSDEC 2002). The TMDL waseleped based on the phosphorus
concentration criteria for each lake segment thatho states have adopted for Lake Champlain
(Smeltzer 2003). Phosphorus concentration sampie® lbeen taken somewhere between
biweekly and triweekly from April through Novembémom 1992 through 2004. Sampling
frequency was developed based on a power analysiachieve adequate power in detecting
environmental change over time in Lake Champlaif#C and NYSDEC 2004).” The
procedure assumes that environmental change wahbé/zed using a t-test for the difference in
the mean values for a water quality variable betwtee time periods (e.g. a baseline period vs.
a post-treatment period). The statistical powenukhbe adequate to allow for detecting a 15%
change when comparing a 10-year baseline periogddyear post-treatment period assuming
triweekly sampling. Given that the sampling fregese is often closer to biweekly, the states
suggest that it might be possible to evaluate chdmjween 4 years of baseline and 4 years of
post-treatment data adequately (VTDEC and NYSDEO420 In either case, the states
recommend that change will be detected by compdheg@nnual mean after some baseline and
post-treatment period (not clearly specified in \HD and NYSDEC 2004). The paired t-test
does not determine compliance with the criteriapnty compares the means for two time
periods. Also, although the t-test would be perfed assuming there actually was a baseline

97



and a post-treatment period, this is really notdh®e as changes in water quality (both good and
bad) have been occurring continually since 1992.

Until recently, US EPA guidance suggested thaD#olof the samples violated a criterion, then
the water body should be listed as impaired (Smital. 2001). If a very large data set exists,
determining if the criterion is exceeded 10% of thmee would be a fairly simple statistical
procedure. For Lake Champlain, we do not haveslaegnple sizes (generally, 10 to 20 samples
per year). If one of the 10 samples exceeds thmriRentration criterion for a given lake
segment, the criterion is equaled and the lake sagmould be listed as impaired. This decision
has a probability of about 9-24% of being a falssifive (in other words, the segment is listed
as impaired when it actually is not) and a probigbdf about 26-57% of being a false negative
(not listed as impaired when it actually is impd)recalculated following Shabman and Smith
(2003). This illustrates how uncertain our manag&naetions could be based on this data set.
Autocorrelation of the sample data, which obviouslthe case the this data set, can increase the
uncertainties involved (Smith et al. 2003)

We analyzed the Main Lake, Missisquoi Bay, Soutkd 8, South Lake A, and Port Henry
segment P concentration data in order to determvimat the current probabilities that they are
meeting their water quality criteria might be. $bdake segments had the most data available
for analysis. To illustrate, we selected the hiaseperiod to be from 1992 through 1996 (5
years) and the post-treatment period to be fronv 1B8ugh 2001 (5 years). Each data set was
fit to a lognormal distribution and is presentedtive following figures as complementary
cumulative distributions functions (CCDFs) that idefa probability of exceedence (Helton
1994). In addition, the median concentrations fachetime period are plotted along with the
CCDFs and we performed paired t-tests to evaldidhe iarithmetic means or the log-tranformed
means between these time periods were significaiffgrent (Table 22).

Table 22: T-test results for comparing phosphorusancentrations for
two time periods, 1992-1996 and 1997-2001.

Phosphorus Concentratign T-Test Results (p value)
Lake Segment | Mean (+ std. dev)ug/l) Raw Data Log-Transformed Data
1992-1996| 1997-2001 1-Tail 2-Tail 1-Tall 2-Tail
Main Lake 0.012 0.011
(0.004) (0.003) 0.023 0.047 0.043 0.086
Missisquoi Bay 0.046 0.047
(0.017) (0.018) 0.34 0.67 0.35 0.70
Port Henry 0.014 0.014
(0.004) (0.003) 0.19 0.39 0.09 0.17
South Lake A 0.035 0.034
(0.012) (0.012) 0.32 0.65 0.23 0.47
South Lake B 0.053 0.048
(0.018) (0.019) 0.05 0.09 0.03 0.06

Note: QAPP states that alpha = 0.05 for 1-tail alpha = 0.10 for 2-tail t-tests. Significant
differences are ibold.
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The Main Lake segment water quality criterion hasrbset at 1Qg/L (VTDEC and NYSDEC,
2002). While there is a significant different betm the means P concentrations for the two time
periods, the second period (1997-2001) still woudd meet water quality criteria (Table 22).
However, based on the fitted lognormal distribusigRigure 48), there is a 70% probability that
the Main Lake exceeded the criterion from 1992-1886 a 65% probability of exceedence from
1997-2001. The more recent time period (1997-20@%)a lower probability of exceeding the
standard, but still has a high probability of exdssece. The CCDFs provide more information
than a simple t-test.
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Figure 48: Complementary cumulative distribution functions of phosphorus concentration
in the Main Lake segment: 1990-1995 versus 1996-200

The Missisquoi Bay segment water quality criterioas been set at 2og/L (VTDEC and
NYSDEC, 2002). According to the t-test resultsif€a22), there is no significant difference
between the two time periods tested. In additingpéction of the fitted lognormal distributions
(Figure 49) suggests that there is very little dgam the phosphorus concentration in Missisquoi
Bay, there is about a 95% probability that the Miggoi Bay lake segment exceeded the
criterion from 1992-1996 as well as from 1997-2001.
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Figure 49: Complementary cumulative distribution functions of phosphorus concentration
in the Missisquoi Lake segment: 1990-1995 versus332001.

The South Lake B segment water quality criteriors lb@en set at 54g/L (VTDEC and
NYSDEC 2002). The t-test does suggest that tleeesignificant difference in P concentration
between the two time periods analyzed. The meaonBentration has gone from H8/L to 48
ug/L. At this point, it appears that the lake segtiemeeting its criteria. However, the current
Quality Assurance Plan for the Long-term Biomoniigr program (VTDEC and NYSDEC
2004) does not specifically state how such a detextion will be made (e.g., how many years
of data must be compared). Inspection of the fitbgshormal distributions (Figure 50), suggests
that there is still a 30% probability that the Solitake B segment exceeds the criterion prior
from 1997-2001, down from a 42% probability of esdence from 1992-1996. Again, the
CCDF provides additional information over the simptest comparison or comparing the mean
to the criteria.
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Figure 50: Complementary cumulative distribution functions of phosphorus concentration
in the South Lake B segment: 1992-1995 versus 192602.

The South Lake A segment water quality criteriors leeen set at 2hg/L (VTDEC and
NYSDEC 2002). There is no significant differenoel concentration between the two periods
tested (Table 22). The fitted lognormal distribngo(Figure 51) suggest there is very little
change in the distributions of P concentrationtfa two periods. There is an 82% probability
that the South Lake A segment exceeded the cmitéraom 1992-1996 and a 77% probability of
exceedence from 1997-2001. In this case the nement time period (1996-2002) has a lower
probability of exceeding the standard, but therbasically no difference in probabilities at the
higher P concentrations.
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Figure 51: Complementary cumulative distribution functions of phosphorus concentration
in the South Lake A segment: 1992-1995 versus 1992602.

Finally, the Port Henry segment water quality cride has been set at 14¢/L (VTDEC and
NYSDEC 2002). Again, the t-test suggests thereoisignificant difference in P concentration
between the two time periods tested (Table 22).weéder, based on the fitted lognormal
distributions (Figure 52), the distributions aréfetient and there is higher probability (50%) that
the Port Henry segment exceeded the criterionemibre recent time period (1992-1996) than
the earlier time period’s 42% probability of excerde.

102



7 - Port Henry Segment

100% -
90% <
A

.
80% .
70% -

\ N
60%

50%

1992-1996

L
1
[
.
’
4
’
4
T

= = = 1997-2001

==Criteria

¢
g
g
s

Median (1992-1996)

...... Median (1997-2001)

»
v
-
S

[
-
rd

7

40%

Probability of Exceedence

30%

20%

10% A

e e e S g

0% : : f : f : - f -
0.005 0.010 0.015 0.020 0.025
P Conc (mg/l)

Figure 52. Complementary cumulative distribution functions of phosphorus concentration
in the Port Henry Lake segment: 1992-1995 versus 968-2002.

In summary, when we analyzed the data using 1998-383 the baseline period and 1997-2001
as the post-treatment period, there is a decrepsaohbility that the standards are being
exceeded in the Main Lake, South Lake A, and Sdigke B, while the probability of
exceedence has increased since 1996 for the Missi&py and Port Henry segments. It is
important to note that this analysis is based orlyfaparse data for a relatively short time
period. In addition, we have assumed that lognbdisdributions fit the data sufficiently well,
more data are needed to test this assumption.

More data are also needed to evaluate spatialbitawithin lake segments. Although the
water quality criteria specify that they apply tehtral, open-water areas of each lake segment,”
and all the monitoring stations are so locatedgedlity, there are variations from place to place
that may not be captured by a single site, espgamlarge lake segments.

Our presentation of the data provides an alteradiv judging trends over time and a more
scientifically defensible way of informing decisiomaking. We recommend that such a
statistical approach be commonly used for all gtetnte data when sufficient data are collected
to make this approach practicable. We fully reéogrthat regulatory compliance for Lake
Champlain will be judged using annual mean cone#iotis; however he annual means
themselves give us just one yes or no answer amoupliance for each year. We believe that
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the definition of a more defensible approach t@judnts about trends and significant difference
from standard probably deserve additional attentioJnfortunately, the annual means
themselves cannot be used in the CCDF approachugedthere will not be sufficient data to
generate a useful distribution for several decad®@s. will want and need additional information
on a much more frequent basis to make managemeisiates.

In the broadest sense, the purpose of monitoritg generate data for evaluating the state of the
environment. Monitoring data are derived from shawmpcollected discretely over space and
time. Therefore, from a statistical perspectivegnitoring data are samples from the total
population of environmental conditions (Shabman 8ndth 2003). Statistical techniques can
be used to determine whether the actual state efetivironment is within the range of
acceptable levels. The use of appropriate staigechniques can help managers to avoid both
false positives (i.e., determining the state isiola the acceptable range when in reality is if not
and false negatives (i.e., determining the stat@tlsin the acceptable range when it is not).

Acceptance sampling is hypothesis driven and irmates both the frequency of samples in
violation of the standard, as well as the magnitofiehose violations (Shabman and Smith
2003). A mean and probability distribution aredigea t-test to judge whether the sample mean
differs from the acceptable level. The conceptaoprobability distribution is familiar to
scientists of all types. Such scientists wouldemadefine an environmental variable as a single
value, but would define a central tendency, or meath an expected distribution around that
mean, expressed as a confidence interval or starestesr. With such an approach, acceptable
levels might be defined as ranges rather than esimglues. Although such an approach might
present challenges in the regulatory arena, whtrerea characteristic achieves the regulation or
does not, we suggest this is a more environmentdllystic and meaningful approach.

Thresholds

It can be attractive to think about approachingeptable levels using the concept of a threshold.
For our purposes, a threshold might be envisiosetthe breakpoint between an acceptable level
of pressure, one to which the ecosystem can adagtan unacceptable level of pressure, one
that drives the ecosystem to change to an undesiatel In theory, setting the acceptable level
a little below (or above) the ecological threshelduld maintain the ecosystem in a healthy
condition (Schaeffer et al. 1988). The dangethis approach is that frequently, ecological
thresholds only become apparent after disastrafts sihcommunity composition have occurred
(Paine et al. 1998, Rapport and Whitford 1999, 8Sehet al. 1993, 2001).

Ecosystems that are in good condition have res#iethey maintain the ability to bounce back
or recover from both natural disturbances and sbumean perturbations, or pressures (Holling
1973). This resilience depends on a variety dfre@hforcing mechanisms, or feedbacks that
prevent the ecosystem from shifting to an altemeasitable state. It can also be considered the
adaptive capacity of the system. There is incrgpsvidence that ecosystem resilience may be
one of the most important characteristics that rbesn place in order to sustain the human uses
and ecosystem services that a growing populatiguimes (Gunderson and Holling 2002,
Elmqgvist et al. 2003).
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Recently, Gunderson and Holling (2002) proposedgproach to natural resource management
that is based on evaluating the types and the grmfrmanagement interventions in light of their
ability to increase resilience. Walker et al. (2PBuilt on this approach and propose a four step
process for resilience management. By increasmderstanding of resilience, the goal is to
identify actions that will strengthen the feedbaelationships that maintain the desired state of
the ecosystem. Although this approach is intiguand deserving of additional investigation,
the scientific understanding to support its appiacais still quite preliminary.

Using a combination of modeling and data reviewsp€ater et al. (1999) showed that cultural
eutrophication in some lakes may be reversed bggiturus input reductions alone, but in other
lakes, a threshold had been crossed and the charagelse irreversible if phosphorus reductions
are the only management approach taken. If thetsngf phosphorus are stochastic, as they are
from nonpoint sources, and there are uncertairtiesit lake response, there is an increased
likelihood that irreversible change will occur wailt early and aggressive management
intervention.

Some useful thresholds have been identified atete of the ecological component. A recent
review shows that phosphorus is accumulating ifs soound the world (Bennett et al. 2001).
Any factor that increases soil erosion increasespibtential for phosphorus runoff to surface
waters (Sharpley et al. 1994). In agriculturatevsheds, phosphorus frequently accumulates in
soils for a number of years, but export can abyupitrease once a threshold level is passed
(Heckrath et al. 1995). Through an understandingoil chemistry, the loss concentration or
threshold can be predicted and serve as a basiefiming an acceptable level of phosphorus in
soils as an agricultural management target. Theseentrations are currently being estimated
for Vermont soils (Jokela 2000, personal commuriocat

The US EPA water quality criteria represent anotkied of threshold that can be used as
acceptable levels for toxic substances. The @iteepresent the concentration at which
significant biological impacts begin to occur (UBA1986). Although these concentrations are
often established based on probabilities (for eXanthe LGg), they also generally represent the
concentration that is the threshold between heattnditions and potential impairment. One
problem with these criteria, however, is that thes based primarily on single species laboratory
toxicity tests, not exposure under ambient cond€i@r to a mixture of chemical pollutants
(Spehar and Fiandt 1986, Watzin et al. 1994, Mdsnet al. 1995). Recently, King and
Richardson (2003) have proposed an approach tdifiglag potential ecological thresholds
using assemblage-level attributes and the IndeBiofic Integrity as endpoints to measure
responses to numerical changes in water qualityis &pproach would provide a greater weight
of evidence of impairment in the environment beeatiss based on a multi-species assemblage.
Such approaches are much more likely to prediciremwmentally meaningful concentrations of
concern (Watzin et al. 1997).

For living resources, thresholds are most appaneetosystems where overfishing has occurred,
and the community composition has been dramatieédiéred (Pauley et al. 1998, Jackson, et al.
2001). In Lake Champlain, a threshold was propgdalssed when native salmonids were
extirpated from the lake in the late 1800s, andfigte community now will likely never be the
same. The increase in the sea lamprey populgtiobably also significantly altered the
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potential stable state (Aron and Smith 1971). Addal research will be necessary to determine
what community composition will be stable and iestl given the lake’s current trophic state
and the suite of exotic species that are now {aittedoecosystem. Because exotic species alter
resource flows, trophic structure, and, potentjalhe disturbance regime, they also have the
potential to alter the stable state of a commuthigmatically (Vitousek 1990).

It is now commonly accepted that biodiversity erdemnecosystem resilience, however, more
than one mechanism is likely involved (Schindle®@9Tilman 1996, Peterson et al. 1998).

Redundant species provide multiple pathways fgehiotransfer and provide insurance against
unexpected disturbances. To the extent that mamagefocuses on one component of the
ecosystem at the expense of others, it can rediaggige capacity and leave the ecosystem more
vulnerable to catastrophic changes.

Ecological economists are also intrigued by ecalalgithresholds because if they can be
predicted, they would be significant factors in ieowment-economic models (Muradian 2001).
Although threshold effects and alternative stalibtes have been identified in a variety of
communities, the ability of ecologists to predhatashold levels is limited, and prices also cannot
yet capture the closeness of an ecosystem totimanéiiuradian 2001). Although we recognize
that managing for resiliency is prudent, we alscogmize that the data bases necessary to
recognize critical thresholds are not yet availablderefore, it is probably not practical to use
thresholds as acceptable levels for indicatorb@ftate of Lake Champlain in the short term.

B. Acceptable Levels from a Social Perspective

The social analyses we conducted were based orvaysof Lake Champlain stakeholders. The
survey was designed to provide a better undersignoli the social values and preferences of
these stakeholders so that acceptable levels egteveloped based on these perspectives. The
survey included two quantitative techniques thatenedapted for use in the context of Lake
Champlain ecosystem management, namely choiceimgrgs and social norm curves. In this
chapter, these techniques and the survey reselistussed.

Choice Experiments

A choice experiment is a stated preference teclenibat requires survey respondents to make
repeated discrete choices among competing optlans/iere and Timmermans 1990; Boxall, et
al. 1996). Choice experiments were first used ¢onemics and marketing to determine
consumer preferences for multiattribute goods. @&benomic theory of random utility is the
theoretical foundation of choice experiments. Adatg to this theory, consumers choose to buy
products that maximize their utility (an economieasure of satisfaction) and utility is derived
from the attributes of the products, not the actuatucts themselves (Louviere, et al. 2000).

As part of the indicators project, a choice expeniwas designed to examine stakeholder
preferences for alternative Lake Champlain managérseenarios. In order to meet the
assumptions of utility maximization, the attributesthe choice experiment must reflect the
characteristics of the ecosystem from which stakigngoreferences are derived (Boxall, et al.
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1996). For Lake Champlain, there are many ecosysteracteristics that are of known to be of
concern to the public. Because the number of cheniatics that can reasonably be
accommodated in a choice experiment is limitedy @dosystem characteristics that are both
relevant to public opinion and responsive to mamage actions were considered. For example,
the spread of zebra mussels, a socially relevanejswvas excluded from the choice experiment
because there is currently no technique availaim¢hie management of zebra mussels. Given
these criteria, a series of potential attributes waveloped; each attribute was assigned three
levels based upon existing conditions and poteritiire conditions that could result from
management. A prototype choice experiment wagdediusing these potential attributes.

Two focus group meetings, one in Vermont and on&lew York, were held to evaluate the
salience of the potential attributes. Focus gnoamicipants were asked to describe and evaluate
the current condition of Lake Champlain and to #pmeadly discuss the aspects of the ecosystem
that are most important to them. They were th&ed$o discuss human activities impacting the
lake and what they thought should be done to ingtbe condition of the lake. Following this
general discussion, participants completed andudssx the prototype choice experiment.
Participants were asked about the relevance angretrnsibility of the attributes in the choice
sets, the terminology used and the appropriateviedge range of levels described. They were
also asked to consider how many attributes theldamasonably trade-off and how many paired
comparison choices they could make in one sittiRgtential attributes were refined following
each of the focus group meetings and through dssmus with professionals familiar with the
specific attributes.

The five ecosystem attributes used in the choiqement were algae blooms, public beach
closures, fish consumption advisories, basin las®l distribution and spread of water chestnut.
As discussed previously, algae blooms interferdn wétcreational use and enjoyment of Lake
Champlain and are attributed to elevated phosphmynsentrations (Smeltzer and Quinn 1996).
Phosphorus reduction has remained amongst thedtigherities of the LCBP and with 80% of
the current phosphorus load coming from nonpointrees (LCSC 2003), substantial
management resources will have to be directed tsvalnosphorus to attain the load reductions
necessary to achieve the in-lake criteria. As wvalpae blooms, public beach closure is a
problem affecting human use and enjoyment of Lakaniplain, and this problem is also a high
priority for management.

Safe fish consumption was emphasized as an impgartgacern during focus group discussions.
PCBs and mercury are the major bioaccumulatingngsiiggering fish consumption advisories
for Lake Champlain (LCSC 2003). Although the adviiss issued by the Health Departments of
the State of New York and the State of Vermontlfake Champlain differ, both agree that
walleye and lake trout are the species posing teatgst risk and that everyone, especially
children and women of childbearing age, should tlitheir consumption of fish, particularly
walleye and lake trout, from Lake Champlain (NYSD@®02; VTFWD 2002).

Basin land use distribution was included in theich@xperiment because it is a pressure related
to many Lake Champlain ecosystem characteristiconéern. Agricultural land, approximately
16% of the Lake Champlain Basin, contributes phospd) bacteria and pesticide waste to Lake
Champlain (Hegman et al. 1999). Urban and subutbad, at least 6% of the basin and
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growing, contributes more phosphorus per acre #gacultural land and is also a source of
bacteria and toxin-laden stormwater (Budd and M&agst).

Water chestnut is the one major nonnative nuisapmries that can be managed in Lake
Champlain. It is primarily found in the South Lakeit historically, has moved northward from
Whitehall, NY. Twenty years of data show that fpeead of water chestnut can be adequately
controlled given sufficient management expenditiareharvesting (Hunt and Crawford 2002).
The spread of water chestnut was included in tha@cehexperiment to examine whether
respondents prefer water chestnut management madesothan other potential uses of limited
management funds.

Sea lamprey control is a major focus of fisheriemagement efforts on Lake Champlain (Lake
Champlain Fish and Wildlife Management Cooperakigheries Technical Committee 1999). It
attaches to and preys primarily upon salmonids sagHake trout and landlocked Atlantic
salmon causing unsightly sores, reduced growthraodality of these fish. At this time, sea
lamprey are primarily managed with a chemical ldoige, known as TFM, which is applied in
lamprey spawning streams in the Champlain Basime Use of TFM is controversial because of
potential impacts to non-target species.

Stormwater is a source of water pollution for Lakbamplain and its tributaries. While
stormwater discharge permits are required of alV wevelopment, many stream reaches are
already impaired by development that pre-dates pkemitting system or current have
developments with stormwater BMPs that are notamgliance with their original permits
(VTDEC 2002). Due to the variety of pollutants mouin stormwater, streams impaired by
stormwater pose a threat to Lake Champlain. Asstpiother natural land types and agricultural
land are converted into urban and suburban laneércdtie likelihood of stream impairment
resulting from stormwater runoff will increase.

Lake Champlain is a popular recreational site fathtbasin residents and tourists and generated
an estimated $3.8 billion from tourism in 1998-9«€EC 2003). Developing and enhancing
public access to Lake Champlain for diverse rempat uses is a high priority of the LCBP.
Public access with minimal congestion and userlmbng an important element of sustainable
tourism and resident satisfaction with Lake Champla

The five ecosystem attributes used in the choiceemment, algae blooms, public beach
closures, fish consumption advisories, basin las®l distribution and spread of water chestnut,
were then varied systematically. Three levels ws#ned for each attribute based on existing
condition and potential future conditions usingo@sses from the focus group discussions. The
attribute levels were arrayed into paired compassollowing an orthogonal fractional factorial
design that allows for independent estimation bfrain effects and two-way interactions. The
resulting choice experiment consisted of five blodt nine paired comparisons. Each block
corresponds to a different version of the mail syrguestionnaire.

Respondents were instructed to examine and weighletels of the five attributes in two

profiles, Lake Champlain A and Lake Champlain Brtlthoose the profile they preferred. An
example question with instructions was followednirye paired comparisons (Figure 53) in each
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survey. The choice task presented in each pawmatparison was likened to the tradeoffs that
managers have to make when prioritizing manageraetivities and allocating management

resources.

1. Do you prefer Lake Champlain A or Lake Champlain B?

0 Lake Champlain A

Lake Champlain public beaches are
closed for 14 days per summer on
average because bacteria levels exceed
local standards.

There are no algae blooms that
produce surface scum in the main lake.

F"
Main Lake

" Lake Champlain B

Lake Champlain public beaches do not
have to be closed at all during the
summer because bacteria levels exceed
local standards.

There are 10 days of algae bloom with
thick surface scum in the main lake.
- ‘
Main Lake

Lake Champlain Basin land use
distribution is:
Agricultural
16%
Forests
and other

natural habitats
2%

Urban and
Suburban
12%

It is safe to eat only 1 fish per month
from Lake Champlain due to the toxic
substances found in their bodies

The northward extent of water
chestnut (shown in black)
is reduced by 10 miles.

Lake Champlain Basin land use
distribution is:

Agricultural
16%
Urban and Forests
Suburban and other
12% natural habitats
2%

It is safe to eat only 1 fish per month
from Lake Champlain due to the toxic
substances found in their bodies

e
i
The northward extent of water ¥

chestnut (shown in black)
is increased by 10 miles.

Figure 53: Example choice experiment question




Respondents had to trade-off two, three or fourbates for each comparison. The questions
were ordered such that the simpler, two attribtadd-off questions were first, followed by the

more complex tradeoffs. Respondents were instluttiemake a choice even if they did not

“like” either profile in the paired comparison; thevere not given a no-choice option. The

choice questions were followed by questions towatal the amount of information provided and
the difficulty of the choice task.

Measuring Social Norms

Choice experiments measure preferences for muldipbsystem characteristics simultaneously.
Although this technique provides a context thammigsre representative of real life decision-
making, there is a limitation in the number of dete levels that can be examined because of the
statistical complexity in the choice experimentiges In park and wilderness management
research, social norms curves are used to examafier@nces for a larger range of indicators of
quality to help define standards of quality (Margnand Lawson 2002). This technique follows
an approach for defining social norms developedJagkson (1965). Individual norms are
measured with questions that ask respondents é¢caraange of potential conditions on a scale
representing acceptability, satisfaction, toleranceother evaluative dimension (Manning and
Lawson 2002).

Social norm curves were estimated for the five abt@ristics of Lake Champlain included in the
choice experiment and for three additional charesties. These additional characteristics were
number of sea lamprey wounds per fish caught, stiegpairment by stormwater (Figure 54),
and public access. Two norm curve questions weamuded in each version of the
guestionnaire.

22. Urbanization in the Lake Champlain Basin can have negative impacts on streams
which discharge into Lake Champlain. Currently, there are at least 27 streams in the
Lake Champlain Basin impaired by stormwater. We would like to know what you think
is an acceptable number of impaired streams. Please rate each of the number of impaired
streams in the table below by circling a number on the scale from -3 to +3. A rating of -3
means that the number of impaired streams is very unacceptable and a rating of +3 means
that the number of impaired streams is very acceptable.

Very Unacceptable Very Acceptable
0 impaired streams -3 -2 -1 0 +1 +2 +3
9 impaired streams -3 -2 -1 0 +1 +2 +3
18 impaired streams -3 -2 -1 0 +1 +2 +3
27 impaired streams -3 -2 -1 0 +1 +2 +3
36 impaired streams -3 -2 -1 0 +1 +2 +3
45 impaired streams -3 -2 -1 0 +1 +2 +3

Figure 54: Example social norm curve question
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For each question, respondents were asked to matedceptability of a range of potential
conditions represented by five or six discrete lewé each of these characteristics on an ordinal
scale from -3 to +3, where -3 is very unacceptat#eo is neutral and +3 is very acceptable. A
mean acceptability rating and standard deviatiors walculated for each level of the
characteristics by averaging all the individuaings for that level. Aggregated, social norm
curves were created by plotting these mean acaéptahtings for the ranges of discrete levels
for the eight characteristics.

Survey Implementation

For a choice experiment to be valid, respondentstrhave preferences for the characteristics
that make up the choice profiles. Therefore, sprespondents for this Lake Champlain study
should have some prior knowledge of the ecosysterorder to understand the differences
between the attribute levels so that they could enaeaningful choices. The population of
interest was the stakeholders of the Lake Chamgledsystem, residents of the basin that have
knowledge of and interest in Lake Champlain. Haosveuthis is not a readily accessible
population for survey purposes. The LCBP is th&re¢ authority responsible for coordinating
management, education and public outreach for L@kamplain. A random sample of the
mailing list of the LCBP was used as the study pegmn. The LCBP appeals to a broad
spectrum of Lake Champlain stakeholders, makiagatter surrogate population than a random
sample of basin residents, or more specialized quidptions such as basin residents with
fishing licenses, members of paddling clubs or neamembers.

The problem of identifying an appropriate study glagion has been encountered in other choice
experiments concerning environmental or recreatiangenities. Boxall and Macnab (2000)
conducted a choice experiment to examine prefeseoicbunters and wildlife viewers for forest
management scenarios. The hunter population veagtified through hunting licenses and the
members of a provincial natural history organizatiblature Saskatchewan, were used as a
substitute for wildlife viewers. Bullock, et all498) used a choice experiment to determine the
value of characteristics of the hunting experieimc8cotland. Because there is no licensing of
hunters in the United Kingdom, questionnaires werailed to associates of 38 different
organizations including sporting estates, assatiatand agencies (Bullock, et al. 1998).

The questionnaire design and multiple contact sunveplementation followed procedures
recommended by Dillman (2000). Fifty questionnsir0 of each version, were mailed out to a
random sample of the survey population in a pilailreurvey. A final questionnaire revision
followed the pilot mailing. The questionnaires wesent out in August of 2002. Postcard
reminders were sent to non-respondents three waéiks the questionnaire mailing and
replacement questionnaires were sent to approxiyn@@8o of the non-respondents four weeks
after the postcard reminder.

The choice experiment questions were analyzed usimgy logistic regression in the Statistical
Analysis System, version 8.2 (SAS Institute IncO@0 The choice of profile A or B was the
response variable. The explanatory variables werezed from the choice profiles and coded
using effects coding. The effects coded varialdegprofile B were subtracted from the effects
coded variables for profile A to yield ten diffecenvariables. These were the explanatory
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variables in the main effects model. The model estsnated with the first level excluded and
then with the third level excluded in order to detime a utility coefficient, Wald Chi-Square
statistic and p-value for each attribute level.eThain effects model was also estimated using
reference coding to determine if the differencesvben the utility coefficients for the attribute
levels were statistically significant.

Additional models were estimated to examine diffiess in preferences across subpopulations.
Evidence from focus group meetings suggested tieienences differ across the subregions of
the Lake Champlain Basin. Choice observations fikew York respondents and from Vermont
respondents were used to estimate separate maittsefhodels for the two states. There was
not a sufficient sample size to independently estEnpreferences for respondents from Quebec.
Following the approach used by Opaluch, et al. 8 %hd Johnston, et al. (2002) to examine
variability of preferences across socioeconomicugsp a third model was estimated by
interacting a dichotomous variable representintesth residence with each of the explanatory
attribute difference variables. The separate NeskYand Vermont models show the statistical
significance of the attribute levels for each sympation and the model with state interaction
shows whether the differences in the coefficiemisNMew York and Vermont are statistically
significant. Similarly, variations on the main exdfs choice model were constructed to test the
hypothesis that the water chestnut attribute wdaglch stronger predictor of profile choice for
respondents living near the infestation in the lsdake. Choice observations were categorized
as north or south by zip code. Separate main teffewdels were estimated for northern
respondents and southern respondents and a modedstimated with interactions between a
dichotomous north/south variable and the watertoli¢slifference variables.

During focus groups, some participants expressedesa that they were unable to clearly and
directly convey what ecosystem characteristics wawst important to them because they had to
make tradeoffs. In the final questionnaire, theich questions were followed by questions that
asked the respondent to rate how important (vepomant, important, somewhat important or

not important) the five characteristics in the ceoguestions and four additional ecosystem
characteristics were to them. Relative frequenoiethe categorical judgments for the nine

ecosystem characteristics were tabulated. To ttesthypothesis that preferences were not
discernible when characteristics were evaluatedvighdally, the cumulative frequencies of the

categorical judgments were normally transformedrg€oson 1958; Powers and Xie 2000) and
scaled along successive intervals representinfptitecategories (Torgerson 1958).

RESULTS AND DISCUSSION

Characteristics of the Sample Population

The final response rate was 41.6% (766 returnedtmummaires), yielding 6548 usable responses
for the choice experiment. Although the sample d@svn from a mailing list, the sample is
diverse with respect to the demographic informatbitained from survey respondents (Table

23). Compared to 2000 U.S. census data, howewesurvey respondents were older and more
educated than the population of Vermont on average.
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Table 23: Summary of sample demographic charactestics (percent of the populations
showing various characteristics).

Age
No
<25 25 - 35 36 - 50 > 50 Response Total
1.2% 5.7% 32.4% 56.3% 4.4% 100%
Education
< High High Some Graduate No Total
School School College College | School | Response
0.9% 5.1% 9.5% 30.9% 49.0% 4.6% 1009
Occupation
Business/ Gov't/ No
Technical Retired Educatol Nonprofit Other Response Total
32.6% 19.5% 17.6% 11% 11.6% 7.7% 100%

The average number of visits to Lake Champlainrdusummer by survey respondents was nine
per month. When asked how the lake has changettlwédast five years, 41.4% reported that
the condition of the lake has declined over the3agears, 29.2% claimed it has stayed the same,
19.7% reported improved lake condition and 9.7%rthtd answer the question. It is plausible
that individuals that participate in different lakgented recreational activities have different
preferences and expectations regarding lake conditi The sample population included
participants in all major lake recreational actaest(Figure 55). Therefore, there is no reason to
suspect a systematic bias in the results due fosg&a of a particular recreational user group.
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Figure 55: Percent of respondents that participatén lake-oriented recreational activities.
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Choice Experiment Analysis

The main effects model was highly significant (likeod ratio = 1905.25, p<0.001). Because
the model was estimated with effects coded varglile coefficients are estimates of the utility
associated with the ecosystem attribute levels|€rad). All attribute levels except two were
significant (p < 0.05). All the coefficients estibed with reference coded explanatory variables
were also highly significant (p<0.001). This medhnat the differences in utility between the
levels of all the attributes are statistically sfgant.

For the beach closure, algae bloom, fish consum@a water chestnut attributes, the degree of
ecosystem impact or degradation increases fromfitse to the third level. Given that
relationship, the signs of the coefficients for déribute levels are as expected. The utility
coefficients for the first levels are positive iodiing that these levels add to satisfaction with t
condition of the lake. The negative utility coeféints for the third levels indicate that these
levels detract from satisfaction with the conditiohthe lake. For the second levels, some
coefficients are positive and others are negativeali are close to zero because these middle
levels do not provide as much utility or disutilag the first and third levels.

Table 24: Results of the main effects choice modahalysis.

Attribute Level |Utility | Attribute | Level
Beaches not closed 1 0.589 295.03 <0.0001
Beaches closed 7 days on average P -0/075 6.33 19.01
Beaches closed 14 days on average 3 -0(514  174.36.001
No algae blooms that produce surface scum 1 0/57367.02 | <0.0001
10 days of algae bloom with some surface squm 2 060/0 0.04 0.8377
10 days of algae bloom with thick surface scym 83 .579| 333.89 | <0.0001L
Current land use distribution 1 0.288 76.72 <0.0p01
Increase urban/suburban decrease agricultural 2 2650. 85.08 <0.0001
Increase urban/suburban, decrease natural 3 -0.026.40 0.5249
Safe to eat unlimited fish 1 0.907 559.87 <0.0001
Safe to eat 1 fish/month 2 0.074 5.38 0.0203
Not safe to eat fish 3 -0.981 700.64 <0.0001
Extent of water chestnut reduced by 10 miles 1 &.53261.61 | <0.0001
Extent of water chestnut not changed 2 0.071 0.03 0.0601
Extent of water chestnut increases by 10 miles 3 .60 286.31 | <0.0001

The Wald Chi-Square statistic is a measure of thength of the individual predictors. In
general, the first and third levels of the attrdsuaire highly significant and strong predictors of
choice. The middle levels, with smaller Wald s@ats and larger p-values, are weaker
predictors. As expected, these results indicaiergspondents’ choices between profiles tended
to be driven by the attributes at their extremeslev The third and first levels of the safe fish
consumption attribute are the two strongest predicof choice. This implies that safe fish
consumption is the most important of the five htites in the choice experiment. Based on
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these results, management actions to reduce takistances in the water and consequently in
the tissue of fish should be prioritized above ngamaent actions addressing the other ecosystem
characteristics included in this choice experiment.

Algae blooms, beach closures and the spread ofrwatestnut attributes are of similar
significance and prediction strength. The land aggbute is a weaker predictor of choice.
Although land use is an important pressure on #ie lecosystem, it is not a characteristic
directly associated with lake use and enjoymenteréfore, it may be the least important
predictor because it is the most abstract and thesttly relevant to respondents. Furthermore,
the coefficient signs and Wald statistics for thed use distribution attribute vary from the
pattern of the other attributes because the relship between the levels of the land use attribute
is not ordinal. Level one, the current land usstritiution, has a positive and statistically
significant coefficient and the second level, cating agricultural land into urban or suburban
land, has a negative and statistically significafficient of approximately the same magnitude.
The third level of the land use attribute, conveytnatural land cover to urban/suburban land
cover, has a negative coefficient but it is notaistically significant predictor of profile chac
Utility coefficients for the levels of this attribei suggest that respondents prefer less land
development and that preserving the agriculturaddaape is more important than preserving the
natural landscape.

The Vermont choice model and New York choice modelded separate utility estimates for
respondents from the two states and the interagctiodel tested for statistically significant
differences in utility estimates between the twates (Table 25). All three models are highly
significant (p<0.0001). There are fewer choiceepbations available to estimate the New York
model (n=758) compared to the Vermont model (n=%.710herefore, the Wald statistics are
smaller and more of the attribute levels are infiant for the New York model.

Table 25: Vermont and New York choice model results

Vermont New York
Attribute Utility Wald Utility Wald
Coefficient | Statistic | Coefficient | Statistic
Beaches not closed 0.622*f 279.4871 0.428*% 19.18
Beaches closed 7 days on average -0.0821 6.50 40.05 | 0.39
Beaches closed 14 days on average -0.54017 162.67 .3740 11.87
No algae blooms that produce surface| 0.582* 235.64 0.633* 38.20
scum
10 days of algae bloom with some 0.008 0.07 0.014 0.03
surface scum
10 days of algae bloom with thick -0.589* 296.70 -0.646* 47.76
surface scum
Current land use distribution 0.309* 75.39 0.271* 118
Increase urban/suburban decrease -0.261* 71.68 -0.302* 13.00
agricultural
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Increase urban/suburban, decrease -0.048 1.42 0.031 0.09
natural

Safe to eat unlimited fish 0.932* 499.62 0.837* .
Safe to eat 1 fish/month 0.077* 4.96 0.020 0.05
Not safe to eat fish -1.009* 631.17 -0.856* 66.28
Extent of water chestnut reduced by 10 0.543* 230.99 0.571* 32.90
miles

Extent of water chestnut not changed 0.072* 4.42 02®. 0.08
Extent of water chestnut increases by 100.616* 252.09 -0.596* 32.38
miles

* Statistically significant at 0.05 level or better
T Difference in VT and NY coefficients significaat 0.1 level

The relative predictor strength of the attributéeds somewhat between New York respondents
and Vermont respondents. Because Vermont resptdmme a majority of the total
observations, the results of the Vermont model samg@lar to the combined model. In both
subpopulations, as with the combined main effecidet) safe fish consumption is the strongest
predictor. For New York, the relative importandettee other attributes is more straightforward
than for the combined or Vermont model. After siidb consumption, the first and third algae
bloom levels are the next strongest predictorovedid by water chestnut levels. Compared to
the combined and Vermont model, the predictionngfite of the beach closure attribute in the
New York model is weaker. It is more similar imestgth to the land use attribute than to algae
blooms and water chestnut.

Although attribute prediction strength varies betwéhe separate main effects models, most of
the differences in preferences between New Yorgaedents and Vermont respondents are not
significant. From the interaction model, only ttaefficient representing the difference in utility
between New York and Vermont for zero days of pubkach closure is marginally significant
(p=0.0631). This difference suggests that thisbatte is somewhat more important in Vermont
than in New York.

Another difference between the New York and Vermomdels emerged with the land use
attribute. In Vermont, maintaining the currentdamse distribution is a stronger predictor than
loss of agricultural land to urban land. In thewN¥ork model, losing agricultural land is the
stronger predictor. The third level of land usstrbution, losing natural land cover to urban
land cover is negative in the Vermont and combmedels but positive in the New York model.
This is the only attribute level for which the ssgaf the coefficients are different between the
two state models. Although the third level of thied use attribute is not significant in any of the
choice models, this potential difference in prefieeefor land use between Vermonters and New
Yorkers warrants further investigation.

The results of the models comparing residentsliatear water chestnut (south) to those that

do not (north) show that the first and third levefsthe water chestnut attribute are relatively
stronger predictors in the southern model compaoethe northern model (based on Wald
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statistics). However, the interaction variableg amsignificant (p>0.45), Therefore, these
differences in the utilities estimated with thetstaodels are not statistically significant.

As discussed by Louviere, et al. (2000), choiceeexpents place greater cognitive burden on
respondents than more conventional question formiatsty-nine percent of the respondents to
the choice questions claimed that the questiong Wdifficult” or “very difficult” and thirty-
three percent indicated that additional informatwould have helped them to make more
meaningful choices. While choice experiment questiare more challenging for respondents, it
is difficult to estimate preferences, and consetygmioritize ecosystem management activities,
with data from simple, single characteristic evéituas. The relative frequencies of responses to
the questions individually evaluating ecosystemrati@ristics indicate that respondents tended
to report that all characteristics were “importaot™very important” to them (Figure 56). There
were very few “not important” responses. Exammaof the relative frequencies and the results
of the successive interval scaling suggest thatazetussels and public access are the most
important and beach closure and safe fish consompire the least important of the nine
ecosystem characteristics considered. Howevemaloscore transformation places all nine
ecosystem characteristics within the “importantige of the categorical scale. This suggests
that the ability to scale the relative importandeecosystem characteristics with this type of
questioning is limited. Although simple categoligadgment questions are easier for
respondents to answer, the information gained ifttté practical value compared to choice
experiment questions.

0.45

= [ m Very Important

O Important

O Somewhat Important

m Not Important

Relative Frequency

Figure 56: Importance of individual ecosystem chareteristics.
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Social Norm Curves

The social norm curves trace the average acceyatazitings of the sample population across
the range of levels of the eight ecosystem chanatitss examined (Figure 57 a-h).  All levels

for which the y value is greater than zero are ictmmed acceptable with the highest point of the
curve along the y-axis representing the optimaddmn. The point at which the curve crosses
the zero point of the acceptability scale represém minimum acceptable condition (Manning

1999, Manning and Lawson 2002). The spread ofcthrge about the y-axis is a measure of
norm intensity or salience of the characteristid #re variability of responses about the mean,
called crystallization, is a measure of consendiautathe norm amongst the group sampled
(Manning and Lawson 2002).

Overall, the direction of the slopes of the normves is as expected. The variability of
responses about the mean acceptability ratingssteéadbe largest around the minimum
acceptable condition and smallest for levels figthaway from the minimum acceptable
condition. This signifies less consensus aboutrg/tbe condition shifts from minimally

acceptable to minimally unacceptable than themegarding the acceptability of the extreme
values in the range of the conditions presented.

Public beach closure is the norm curve with thegst salience, as indicated by widest range of
y values (Figure 57a). This curve shows that more days of public beach closure on average
during the summer is unacceptable. During the semof 2002, Blanchard Beach in
Burlington, VT was closed for the entire swimmirgason, clearly in violation of this measure
of acceptability. The average acceptability ragimyn this curve correspond well with utility
estimates from the choice experiment. Algae blqomtsch also impact recreational use and
enjoyment along the shore of Lake Champlain, sh@wmaar norm curve pattern (Figure 57b).
Although the questions appeared in different qoestire versions, the shift from acceptable to
unacceptable occurs at approximately seven dayshdtn public beach closure and algae
blooms.

Safe fish consumption, the most important attriboitédhe choice experiment, shows less salience
than some of the other characteristics examineld satial norm curves (Figure 57c). However,
the mean acceptability ratings correspond relatiweéll with the utility estimates. Choice
experiment attribute levels were modeled aftertaygsconsumption advisories. Therefore, the
number of fish safely consumed was varied only betwnone, one and unlimited fish. The
current advisory suggests that adults limit th@nsumption of lake trout and walleye to one
meal per month. The advisories are less resteictinth regards to other fish species.
Nevertheless, there is little tolerance for limdas in safe fish consumption based on the social
norm curve.
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Figure 57 a-d: Social norm curves for characteristis of Lake Champlain.
Social norm curves are shown with one-sided standdrdeviations of the mean acceptability
ratings. Bars represent standard deviation. Wherepplicable, utility coefficients
estimated in the choice experiment are shown as kmon a secondary y-axis.
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The impact of sea lamprey on sport fish, a charistienot included in the choice experiment, is
also highly salient (Figure 57d). Having no seapgeey wounds on caught fish is a much
preferred condition, with the curve dropping belpsvo between the second and third levels, one
lamprey on half to one lamprey on most of the fialaght from Lake Champlain. Because the
number of sea lamprey wounds varies considerablijshyspecies, fish size, and lake segment
(Fisheries Technical Committee 1999), evaluatiregdirrent condition relative to this estimated
range of acceptability will require further analysiOverall, the current impact of sea lamprey on
salmonid species is not acceptable based on trasumed norm curve.

The acceptability ratings for the number of streampaired by stormwater is another highly
salient characteristic (Figure 57e). The questinenstated that there were at least 27 streams
impaired by stormwater in the Champlain Basin. sTikiwell beyond the minimum acceptable
condition based on this measured norm curve. [isrdurve, the mean ratings for all levels
except the first are in the unacceptable rangeyst@llization around the means increases
steadily for each level beyond nine impaired streanmAt 27 impaired streams, the current
condition, the standard deviation is well below thi@imum acceptable condition. This suggests
that stormwater impairment of streams is an arqairi@g more management attention.

The social norm curves for land development (Fidaf§ and stream impairment (Figure 57e)
have a similar pattern with decreasing variabiiityout the means in the unacceptable region.
The levels of land development used to estimatesdlegal norm curve varied from the land use
distribution choice experiment attribute levels. the choice experiment, the first attribute level
was based on the most current land use distrib@shimates, 6% developed, 16% agricultural
and 78% natural. The second level has 12% dewelapd 10% agricultural and the third has
12% developed with 72% natural. The current lase distribution has positive utility and the
other two levels where developed land increases hagative utilities. To measure the social
norm curve, respondents were told that there aleaat 300,000 acres of developed land in the
Champlain Basin and then asked to rate the acdéptadl a range of increases in developed
land per year. In both the choice experiment ddsbcial norm curve, increasing developed
land is not favorable. Rates of land developmearty \across the basin. While growth in
Chittenden County, Vermont may be outside the raonfeacceptability, rates of land
development are lower in other areas of the basirticularly in New York.

The mean acceptability ratings for the spread otewachestnut also show increasing
crystallization for increasingly unacceptable ctiodis (Figure 57g). As with impaired streams,
the current condition, 55 miles of northward spraadhighly unacceptable. However, the utility
coefficients for the water chestnut attribute docwrespond with this curve as they did with the
other attributes examined by both types of questiofihe water chestnut attribute covered only
the middle part of the range used in the accejypbihting question and the levels were
described differently. In the choice experimehg water chestnut attribute varied from reduce
the extent by 10 miles (equivalent to 45 miles mpntemain unchanged (equivalent to 55 miles
north) and increase by 10 miles (equivalent to G&smorth) and the levels used in the rating
guestion varied from 0-90 miles. The positiveitytibssociated with water chestnut extending
45 miles from Whitehall is more likely capturingtiséaction with management to reduce water
chestnut rather than satisfaction with actual eris¢ of water chestnut 45 miles from the
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southern end of the lake. This finding illusteateow preferences or acceptability can be
influenced by the range of conditions presentegspondents in these types of questions.

The final norm curve is for public access (Figu# ) There is minimal spread of the mean

acceptability ratings about the y-axis for the lsvef public access used in this question

indicating that public access is less salient tti@nother characteristics. This curve shows that
the sample population preferred management actmimprove existing public access over the

creation of additional access areas. The LCBFbbas active in both improving existing access
and developing additional access sites.

Management Implications

Utility coefficients estimated with the choice exipgent and acceptability ratings from the social
norm curves provide a basis for defining acceptiblels for ecosystem indicators from a social
perspective. This information will be used in eaongtion with ecological data analysis and our
best scientific understanding to set the initiacegatable levels for the Lake Champlain
ecosystem indicators.

The survey results also provide some insights teggrsocial preference and Lake Champlain
ecosystem management priorities. Reducing phoaphaputs to Lake Champlain is a major
focus of the LCBP. Although survey results showt tivater clarity and algae blooms are
important to Lake Champlain stakeholders, therectier characteristics of the ecosystem of
equal or potentially greater importance.

Survey results indicate that safe fish consump@onattribute added to the choice experiment in
response to focus group discussions, warrants mmoapagement attention. Safe fish
consumption is not just a concern of the anglingnmmnity. Focus group discussions, written
survey comments and the strength of the safe Gglsuamption attribute in the choice experiment
suggest that people are making a connection bettirectoxicity of fish and the overall health of
the lake. A choice experiment examining preferender alternative natural resource
enhancement programs in Green Bay, Wisconsin ydekllesimilar result. Reduction in the
number of years until fish and wildlife in the basas safe from PCBs was preferred over the
other resource enhancements included in the sBidyfle and Rowe 2002).

Breffle and Rowe (2002) also included public aceedbeir Green Bay choice experiment. The
attribute levels included were similar to the levesed to measure the public access social norm
in this study. The attribute levels ranged fronpiaving existing facilities to adding additional
park acreage. Breffle and Rowe (2002) found linhitgterest in enhancing existing parks and
almost no interest in adding park acreage. Thisesponds well to the pattern of the social
norm curve measured in this study. Because pabliess is generally considered an important
issue for Lake Champlain, this is a surprising ttestrurthermore, the individual ecosystem
characteristic questions show that public acceas isnportant concern of the sample population
(Figure 56). Eighty-two percent of the respondenticated that public access was “very
important” or “important.” Public access was atsmnmonly mentioned in the comment section
of the questionnaire. The reasons for this ingiescy are not clear. Because the potential
conditions listed along the x-axis are not ordired, in the other social norm questions, this
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guestion may have been more difficult to answemother potential explanation is that the
ability to access the lake is highly valued (hetie high importance ranking), but there is
general satisfaction with the current level of peilalccess (as shown by the social norm curve).
Further examination is necessary to clarify so@atferences for public access to Lake
Champlain.

Stream impairment due to stormwater and land devedmt is related issues that are not
receiving much attention from the LCBP. Howevéreyt are ecologically important and are
being considered in the ecosystem indicators projeesults from the survey indicate that these
issues are also socially relevant. Land use ignapticated problem that is difficult to manage.
There is evidence here, from the choice experinagmt the social norm curves, suggesting
LCBP stakeholders are interested in efforts to miré land development and maintain the
agricultural landscape in the Champlain Basin.

While public beach closure is a significant prealiaif choice in all of the estimated models, it is
a relatively more important predictor in Vermonh part, this may reflect the differences in the

bacteria standards and beach closure frequenceimdht compared to New York rather than

an actual difference in preferences. In the istei managing Lake Champlain as one
ecosystem, the LCBP should encourage the implei@mtaf consistent standards, monitoring

and closure policy for all Lake Champlain beach&ke current inconsistency in standards and
beach closures sends a confusing message to ttseofide@ke Champlain beaches.

With respect to nuisance species, survey resybisasticontinued management of water chestnut
and sea lamprey. However, written comments suggdstk of awareness regarding water
chestnut and a concern over the use of chemicdlseitreatment of nuisance species. Several
people commented that they were unaware of therwhagstnut problem and others stated that
they would not support management to reduce wdtestout if it involved the application of
chemicals. This result is consistent with the oesie to safe fish consumption. In general, there
is concern regarding the release and presenceiof dbemicals in Lake Champlain in addition
to a concern for nuisance species.

Additional Research

This research explored the use of choice expersnand social norm curves in the context of
ecosystem management. Although many previous estudiilizing choice experiments and
social norm curves have included attributes astetiaith the natural environment, there are
very few choice experiment applications (e.g., Beedind Rowe 2002 and Johnston, et al. 2002)
directly addressing ecosystem management issuesxarahown applications of social norm
curves in the context of ecosystem management.sépently, more research is necessary to
develop these techniques to their full potentiaioads for ecosystem management.

One challenge in using choice experiments and lsooran curves is identifying the appropriate
sample population. Because ecosystems are shesedrces, it would be ideal to draw the
sample from the general population. However, iprigbably not reasonable to expect that all
citizens are interested in or even familiar witle thicosystem under consideration. From the
perspective of the investigator, there might beaddoff between obtaining a lower response rate
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and potentially lower quality data from a sampletiod population at large or collecting data
from some alternative, specialized population tbahnot be used to draw more general
conclusions. Alternatively, it may be possibldei more costly, to screen suitable respondents
from the general population by telephone or withiamial mailing. The advantages and
disadvantages of alternative sampling strategias @rea for further research.

The use of the choice experiments in conjuncticth Wie social norm curves has not been fully
explored. From a management standpoint, it mayeneficial to use the same or corresponding
levels in choice experiments and social norm curvEss is a check for internal consistency of
responses. It also allows for the resulting datiaet utilized in a complimentary fashion. Choice
experiments yield information regarding tradeoftsiles social norm curves allow exploration of
the acceptability of a wider range of conditionEherefore, each of these techniques may be
more powerful when used in conjunction with theeoth

More research on the cognitive burden of choiceegrpent questions on respondents is
warranted. Choice experiments were originally giesi to analyze preferences for consumer
goods, such as cars or soap, items for which pebple experience making decisions.
Regardless of the object of choice, choice expeariniasks are presumed to be difficult for
respondents (Louviere, et al. 2000). Because pemgl generally not accustomed to trading-off
ecosystem components or making ecosystem managedemisions, choice experiment
involving ecosystem characteristics are potentiallgn more challenging than traditional choice
experiment applications. To obtain the highestligudata at the lowest cost to respondents,
investigators should attempt to reduce choice d#$kulty as much as possible. This is done by
performing extensive pretesting on the survey imsémt through interviews, focus groups and
pilot survey implementation tests. It may also pgmssible to reduce task complexity (and
increase data quality) by providing respondent$ Wwackground information on the ecosystem
attributes. In this study, respondent commentgasiga need for information regarding the
significance, current condition and management @agr for each ecosystem characteristic.
Providing people with such information may helpnthe&® make choices that do, in fact, reflect
their preferences.

In order to maximize the value of the resultingagahe levels used to measure social horm
curves and in the choice experiment should be ailygblanned. The range of levels and the
wording of the levels should be understandablespondents and useful to decision-makers. In
other words, the investigator needs to be ableattstate ecosystem variables of interest into an
aspect of the ecosystem that is relevant to respuad For example, managers are concerned
with the level of phosphorus in Lake Champlain, pedple experience the effect of phosphorus
in terms of water clarity or extent of algae bloonhs a similar way, aspects of the ecosystem of
concern to the public must be translated into madde and manageable components of the
ecosystem. In addition, the influence of levelaliggions on the results and consequently, the
management implications is another area requirystesatic analysis. Based on the results of
the choice experiment and the social norm curve Viater chestnut in this study, the
management recommendations resulting from choipereérent and social norm curve analysis
may be a function of the level descriptions.
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Summary of Social Analyses

The results of the choice experiment and the soomm curve construction provide
complementary information regarding social prefeemnfor the characteristics of the Lake
Champlain ecosystem. Both of these approached ymbrmation that is richer and more
valuable than what can be learned from simple caiteg) judgment survey questions. Because
the choice experiment forced respondents to makietffs between attributes, respondents had
to decide which ecosystem characteristics were mgpertant to them. As discussed by Breffle
and Rowe (2002), these types of decisions are laaregh necessary component of resource
management. Managers must decide where and hoalldcate scarce staff and financial
resources. A choice experiment provides a stradtaontext in which members of the public
can make ecosystem management tradeoff decisibims.results of choice experiments provide
managers with information about how these tradeo#is be made in a way that maximizes
public support for ecosystem management.

Social norm curves are used to assess ecosystemacirestics one at a time. They do not
provide any information regarding preferences arsbngultiple ecosystem characteristics.
However, social norm curves can be used to exarheeacceptability of a wider range of

potential ecosystem conditions than can be included choice experiment. The number of
levels that can be included in a choice experineimited by the complex statistical design.

While the coefficients of the utility parametersoshwhether a particular attribute level is

acceptable (positive) or unacceptable (negativeimady not be clear where the shift from an
acceptable to an unacceptable condition occurbefdttribute levels span a larger range of
conditions. Social norm curves can more preciggntify the range of acceptable conditions,
making this technique a useful complement to treoshexperiment approach.

The importance of integrating social values andaechng public support for ecosystem

management is discussed at length in the literatdi@vever, there is little consensus about how
to accomplish this. The techniques presented Im@re considerable potential for quantitatively
assessing social preferences and integrating tiffatmation within an adaptive ecosystem

management framework.

C. Moving Forward to Define Acceptable Levels foL.ake Champlain’s
Indicators

To define acceptable levels for the Lake Champlagosystem Indicators program, both
ecological and social perspectives must be balanted acceptable levels must not only protect
the ecological integrity of the ecosystem, but gdsavide a condition that is in keeping with the
preferences of the stakeholder community. In scases, the preferred state might dictate a
higher standard for a state indicator than thelleeeessary to protect ecological integrity. In
this case, the social perspective might be theddegifactor. In other cases, the level necessary
to protect essential ecological functions mightb@e restrictive than the level that drives public
response. In this case, the ecological perspeatight be the deciding factor. Ideally, the
socially desired condition and the range of coodgi necessary for ecological integrity will
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overlap. If the indicators recommended in thioorepre adopted, we suggest that an appropriate
next step might be to convene a group to consiciez@able levels.

Phosphorus

For the phosphorus issue area, the acceptableslémephosphorus concentration in the lake
have been agreed upon by the states of VermonNandYork and province of Quebec in the in

a Water Quality Agreement that was adopted purstamiemorandum of Understanding for

Lake Champlain in 1993. These concentrations Heeen codified in the phosphorus TMDL

(VT DEC and NYSDEC 2002), which has now been apgdoby both states and the US EPA.
The TMDL also defines the loadings that are acd®#etior each lake segment. Although it may
be prudent to revisit these loadings to make soaé they represent the most efficient path to
achieving the in-lake standards, they are the numandates.

There currently is no acceptable level for the ptieeommended state indicator, chloroplayli
concentration. Our social analyses suggest tli# days of algae bloom conditions in a summer
is the transition point to unacceptable condition&lthough we currently do not collect data in
this manner, we suspect that this level is exceatethny lake segments. The original analyses
conducted by Vermont and New York DECs to estabttsh in-lake phosphorus standards
(Smeltzer and Quinn 1996) suggest that phospharosentrations above about 1ig/L can
produce socially undesirable conditions, and th@sesphorus concentrations are common in
most lake segments.

From an ecological perspective, the acceptabld lefvehlorophyll a would be the level that
provides sufficient biomass to support the dedmietbgical community in the lake. Because the
desired biological community has not been arti@datit is difficult to determine what level of
productivity is necessary to support it. This dddae addressed in the future.

The acceptable levels of the pressure indicatarsldirelate directly to the acceptable levels of
the state indicators. While the links between phesphorus loading targets and the in-lake
concentrations in the lake are clearly articulatedhe TMDL, the acceptable levels of the
pressure indicators that drive the phosphorus h@a@ never been addressed. To address these
levels, a variety of social and ecological factongst be considered, including the realities of the
phosphorus generation associated with people aidabm the options for land use in the
watershed, and a host of socio-economic variables.

Likewise, the acceptable levels of response indisamust be consistent with the goals for the
state indicators, but will also require the consatien of a variety of other factors. The reafitie

of state and federal management budgets and tined sboices made by the citizens of the basin
will drive these levels, but so long as the leelesponse is less than that needed to achieve the
acceptable level of the state indicators, Lake Cilaim will not reached the desired state
outlined inOpportunities for Action and the phosphorus TMDL.

We included two indicators in our social norm cumalyses that relate to the phosphorus

pressure indicators and to the urban BMP respamdieator. In our study, basin residents
indicated that the current level of land use cosieer to urban land is marginally unacceptable.
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They also clearly indicated that the number of astre impaired by stormwater was
unacceptable, suggesting that the level of urbarPBMplementation is below the acceptable
level.

Bacteria

In the bacteria issue area, the primary state abdicis bacteria levels in lake water. The
acceptable level for this indicator is establishrethe state and provincial sanitary codes. These
standards currently differ significantly. The fitevel management response to bacteria levels
that exceed the acceptable level is to close tleehes to swimming. Our social analyses
suggest that an acceptable level of public bean$ucés as a result of bacterial contamination is
about 7 days per summer season. If this were aseoh acceptable level, it would appear that
most public swimming areas have achieved an adoeptvel of performance. For those areas
where bacteria levels are too high and beach assare too frequent, acceptable levels of the
pressure indicators and other response indicabongié be considered.

Mercury Toxicity

Establishing acceptable levels for the state irdisain this issue area will be difficult because
the data that are currently available are so sparke mercury concentration in fish tissue is the
state indicator that the public relates to mostatly. Our social analyses clearly show that from
the social perspective, this level is too high. the residents of the Lake Champlain basin, fish
with low levels of mercury in their tissue are dedinot just for safe consumption but also
because that would symbolize a healthy lake.

The FDA and EPA have established consumption guaielelfor protection of human health that
suggest that the concentration in fish should e tean ug/g (U.S. FDA 2004). This level
could be considered and acceptable level from aotacological and social perspective because
people are part of the Lake Champlain ecosysteraweder, it is not clear whether this level
would protect the remainder of the Lake Champlaiwsgstem, including the fish themselves.

If additional data are gathered in this issue aggantually bioaccumulation factors for mercury

could be determined and used to help guide acdepakels of mercury in the water, sediment

and food web, but this would be a considerable takimg. However, only after acceptable

levels are established for these state indicatotddcacceptable levels be considered for the
pressure indicators and the response indicators.

Sport Fish Community

Three of the state indicators in this issue areapapulation measures. From an ecological
perspective, the acceptable levels of these measlreuld represent ranges that would be
expected in a stable, self-maintaining populatiohake Champlain. From a social perspective,
the acceptable levels should relate to the desisedcommunity in Lake Champlain. Although
the fish and wildlife management community has deed this desired community from their
perspective in a very general way in the salmoredtaration plan (Fish and Wildlife
Management Cooperative Policy Committee and TeahnCommittee 1977), numerical
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estimates would be difficult based on the curresiacdbase. No estimate of the productive
capacity of the Lake Champlain ecosystem, eitheitdncurrent trophic state or after the

phosphorus standards are achieved, has been r8adk.as estimate is prerequisite to predicting
the overall carrying capacity in major lake segraentA broader discussion of the desired
community among the Lake Champlain stakeholders walay be appropriate, to consider

species other than the salmonids, and lake segrbeytnd the Main Lake, Inland Sea and
Malletts Bay.

An acceptable level for the remaining two propostde indicators will most appropriately be
established from the social perspective. The peraleundance of exotic species recognizes the
changing composition of the Lake Champlain fish pamity. There is clearly no consensus in
the ecological literature about how many invasianscosystem can withstand (e.g., Mills et al.
1994, Paine et al. 1998, Gunderson and Holling R00Qkewise, the extent of tolerable level of
impact to nontarget species with the use of langetcis a social choice.

The pressure indicators in this issue area repréiseriour most likely contributors to changes in
the fish community in the lake. The only pressadkcator for which acceptable levels might be
established in the near term is the sea lampreyndiag rate. Both tolerances of the basin
stakeholder community and the level of parasitibm population can withstand at the desired
community composition should be considered in deiteing this level. Our social norm curve
analysis suggests just a single lamprey wound caught fish may be undesirable from a social
perspective.

The response indicators relate to stocking and teynpontrol; the acceptable level of these
indictors should be linked to the management intgmecessary to achieve the desired sport fish
community in Lake Champlain.

The Pelagic Food Web

A relatively large number of state indicators haeen proposed in this issue area, but we clearly
do not have enough information to establish actdptievels from the ecological perspective.
From a social perspective, the recent public conabout toxic blue-green algae blooms and the
public health threat they pose suggest that theewotrpercentage of toxin-producing
cyanobacteria is above the acceptable level. ThddAHealth Organization (1998, 2003) has
recommended guidelines for toxins in drinking wated recreational waters used for that might
guide acceptable levels for this indicator fronoeial perspective.

The acceptable levels of the pressure indicatothignarea must be consistent with the levels
established for phosphorus. Acceptable levelshfeimmediate response indicators, number of
beach closure and drinking water advisories togutdtuman health, will like be predominantly
a social choice.
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Water Chestnut

For this issue area, we currently have more datdh® pressure indicator, extent of the water
chestnut infestation, and the response indicat@s tve do for the state indicators. Our social
norm curve analysis suggests that the current erfedhe water chestnut infestation is above the
acceptable level. While the acceptable levelstlier pressure and response indicators might
logically be established initially based on soathbices, as data are gathered on the state
indicators, these levels might be adjusted. Edoddgnformation will be especially important in
determining a long-term goal for native aquaticsa

Recreation

The indicators in the recreation issue area arigdthby available data, and should be considered
preliminary. As additional data are gathered,iit ilecome easier to consider acceptable levels.
In our social norm curve analysis, we explored Wwhleichanges in public access were needed
around Lake Champlain. That analysis suggestdhbaturrent level of public access to the lake
may be acceptable.

Adaptive Management

Because the existing data sets for many indicadoesso limited, acceptable levels should
logically be approached within the context of adapmanagement. Preliminary judgments can
then be modified as additional data become availal\ regular cycle of indicator evaluation
will help narrow in on the most appropriate levielshe most efficient and effective manner.

Opportunities for Action presents eight goals for managing the Lake andB#wn. Although
some of the goals convey the desired state of ined@amponents of the ecosystem, and
therefore, can help guide the development of aebdptlevels, there is no overall desired
ecosystem state articulated in the documdrurthermore, all of the goals in the plan may ret b
fully compatible. For example, the phosphorus otidn goal establishes target phosphorus
concentrations for the lake segments. The objestof the recreation goal include increasing
public access to the lake and promoting sustainatlgism. Increases in tourism and
recreational use of the lake can contribute toeased phosphorus loading unless more
aggressive management actions are taken to ofiisdbad.

In a similar vein, both phosphorus concentratiod aecreational use will affect the living
resources in the lake, but these linkages areoridered in the current management strategies.
For example, the in-lake phosphorus criteria weneetbped based on consideration of the links
between phosphorus and recreational use and enyohé¢he lake, but these criteria have not
been examined from the perspective of biologicahmmnity composition desired in the lake.
The living resource goal is to restore and maingahealthy and diverse community of fish and
wildlife; this goal cannot be achieved without ciolesation of the phosphorus, toxic substances,
and habitat management actions presented elsewhie plan.

For more than a decade, we have been conductiaige-$cale experiment on Lake Champlain
without collecting the data we need to interpret At the top of the food web, we have been
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changing fish abundances by stocking sport fishraddcing sea lamprey. At the bottom of the
food web, we have been reducing phosphorus, whafirals the growth of the algae.
Somewhere in the middle, through the introductibratora mussels and other exotic species, we
have been altering a host of connections both dpdamn. Very clearly, adaptive management
could provide a context for addressing these unkisowf a set of indicators are adopted and the
monitoring data to quantify them are collected airee.

As Opportunities for Action continues to evolve, the linkages between sectanthe plan
should be explicitly addressed so an overall ddsieeosystem state can be more fully
articulated. As this is done, it will also be pbss to more fully examine the social and
ecological factors that must be examine and bathitestablishing acceptable levels for the all
the indicators we have recommended.

IV. A FRAMEWORK FOR AN ENVIRONMENTAL SCORECARD

The goal of the environmental scorecard is to gle\an overall assessment of the state of the
Lake Champlain Basin ecosystem and the effectiveeakethe management actions undertaken as
part of the LCBP. It should be geared to the l@fainderstanding in the general public and be
presented in a simple and graphically appealingn@anFigure 2, the underlying pressure-state-
response framework for the Lake Champlain Ecosystelicators Program, should be part of
every scorecard that is published.

While there are too many indicators in the ovesalte to be presented in every scorecard, and
many of the indicators are still in need of additibrefinement, the scorecard should still use the
PSR framework to increase understanding of the ecaarsd effects relationships in the
ecosystem. The scorecard should reference thegem®mt goals and objectives outlined in
Opportunities for Action and reinforce what the LCBP hopes to accomplistin wis various
investments and actions. Each indicator used eénsttorecard should be presented with its
acceptable level so that its current value is pregable.

The information presented in the scorecard mighapered, with simple concepts and a general
overview presented first for those who only wattrigf report. More detailed information can
then be presented in follow-up sections for thode wish to learn more. The so-called
“tabloid” style of presentation might be most apgprate for this, with general graphics depicting
the overall state of the lake in the middle, anglaxatory text and trends data in the sidebars
and other supporting locations. Most of the otimelicators programs we reviewed use an
“issue” format for presenting information in thelata reports. That format fits nicely with our
PSR diagrams and the chaptersOpportunities for Action so might be appropriate for Lake
Champlain as well.

The LCBP Atlas (LCBP 2004) contains figures thagimibe used to report on individual
indicators in such a tabloid format, focused on tbsues. For example, the phosphorus
concentrations in Lake Champlain lake segmentsakeady presented in an excellent graphic
that contains the acceptable level (Figure 58).
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Figure 58: Phosphorus concentrations in Lake Chamipin, 1990-2003. Acceptable levels
in each lake segment are indicated in red (LCBP 2@0.

In our search of the literature, we did not find example of a grading system we thought
credible. In fact, almost every project we revidwejected the notion of a grade because it
would oversimplify the complexities of the ecosyste We have come to agree with that
perspective, but we still believe it would be vdligato present an overall assessment in a
quickly registered format. Therefore, we propdsat the scorecard be prepared as a series of
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scoresheets that communicate basic trends in theators using the common traffic light as a
metaphor for indicator condition. Following thisrinat, a green light or green color would
mean an improving condition in an indicator, a @lllight or color would mean no change in
condition (and thus caution), and a red light, wlonmhean a deteriorating condition in an
indicator. The traffic light colors might be ustdpresent each indicator in an issue area, or to
present the level of concern about each issue iaraalake segment. The latter presentation
might use a base map from the LCBP atlas as theoagcaphic on the scoresheet.

As an example of what this might look like we preasz prototype scoresheet for the phosphorus
issue area for two lake segments, the Main Lakgu(Ei 59) and Missisquoi Bay (Figure 60).
All pressure, state, and response indicators foichwidata exit should be presented on the
scoresheet. The indicators are arrayed in simiecement to that in Figure 2, the framework
diagram for the indicators program.

State of Phosphorus in the Main Lake Between 1992-2000

Gotten Worse, , or Improved?

Pressures - Sources of P to the Lake

- Total Number of People
- Total Number of Farm Animals
- Acres of Urban Land

Response - What are we Doing About it? State - How is the Lake?

- Money Spent on Education and Outreach - Phosphorus Concentration in
- Wastewater Treatment the water
- Expired Stormwater Permits

- Number of Farm BMPs ' '

Of the Ten Things that we are Tracking to Monitor the Changes in
Phosphorus Levels in the Main Lake, 2 have improved,
,and 6 have gotten worse between 1992-2000.

Figure 59: An example scoresheet for the phosphostissue in the Main Lake.

This style of scoresheet easily conveys informasibaut the sources of phosphorus to the lake.
It also clearly shows that both phosphorus coneéotr and the density of algae in the lake
reflect these pressures. The predominance of ekksl the reader that the pressures are not
declining and the state of the lake is not imprgvinin the response category, it is clear that
management efforts have concentrated on wastewasgment and implementation of BMPs on
farms.
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What this style of scoresheet cannot do, howewegive an indication of the magnitude the
remaining problem, or convey how far away from #oeeptable level any one indicator might
be. This information would need to be communicatedhe accompanying material in the
publication. It is critically important the scagrd convey which components of the Lake
Champlain ecosystem are furthest from the managetaegets, as expressed in both the
acceptable levels and the management go&pmportunities for Action.

State of Phosphorus in Missisquoi Bay Between 1992-2000

Gotten Worse, , or Improved?

Pressures - Sources of P to the Lake

- Total Number of People
- Total Number of Farm Animals
- Acres of Farm Land
- Acres of Urban Land
Total Phosphorus Load

Response - What are we Doing About it? State - How is the Lake?

- Money Spent on Education and Outreach - Phosphorus Concentration in
- Wastewater Treatment the water
- Expired Stormwater Permits - Chlorophyll-A Concentration

- Number of Farm BMPs ' ' (algae) in the water

Of the Eleven Things that we are Tracking to Monitor the Changes in
Phosphorus Levels in the Main Lake, 2 have improved,
,and 9 have gotten worse between 1992-2000.

Figure 60: An example scoresheet for the phosphostssue in Missisquoi Bay.

The same traffic signal format could be used witinap of the lake segments, highlighting the

issues of greatest concern in each lake segmegur@61). Color assignments could be made
on the basis of distance from the desired stagadah issue area, or another protocol endorsed by
the Lake Champlain Steering Committee.
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- Missisquoi Bay
_ »Phosphorus
Mam Lake »Pelagic Food Web
>Phosphorus »>Recreation
»>Sport Fish
>Bacteria

Burlington Bay
»>Bacteria

South Lake A
»Phosphorus
>Recreation

# NEWYORK | VERMONT

Figure 61: Example scoresheet based on the relagivmportance
of the issue areas in lake segments.

As indicator data are assembled, the details ofsfiexific elements of each scoresheet will

become easier to design. The scorecard shouldr#eaaegular vehicle for communication and

public education. While it will be a long time lbeé the LCBP has enough data to present a full
“State of the Lake” report based on these indisatave recommend moving towards a regular
update of a core set of indicators as soon aslgessihe Chesapeake Bay Program (CBP 2002)
reports on its indicators in an approximately bizdrbasis, adding years to a trends diagram for
key indicators each time the “State of the Bay’omegis published. Because this program has
established targets, or acceptable levels for nwdirtiieir state indicators, they also report how

far away from these targets they are for many keicators.

The EPA’s National Coastal Assessment (NCA) Progedso uses a stoplight-type format to

present their indicators. They have created fivdexes that summarize the condition of
estuaries and coastal waters on both regional atidnal scales. Each of these five indexes is
rated on a scale of one to five. Scores of onalefieed as “poor” and shown as red, mid-range
scores are called “fair” and shown in yellow, amghler values are defined as “good,” and shown
as green. These traffic light colors, along witlerall condition labels of poor, fair and good,

are displayed horizontally with icons for each gador placed below the colored bar where it
falls along the continuum from 1-5, or red to gréerS. EPA, 2004).
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If the stoplight approach is used in a Lake Champi&tate of the Lake” report, a larger group
would need to determine how the colors would bdiegp@mnd whether they would only depict
condition, or would be used to indicate trend, aggested above. Simple trends information
like that presented in this report could accompideyscoresheets, and explanations of the cause
and effects relationships that are guiding the rgameent actions could be included in the text.
In the absence of trends data, an explanationehtipothesized relationships and the current
state of the indicator might be presented. Inst &ver state of the environment report for Lake
Ohrid (Watzin et al. 2002), these explanations wesed by both the public and the Lake Ohrid
Management Board to prioritize activities in thagtion plan. As subsequent scorecards are
produced, the text can focus on emerging issuestanthcreased understanding coming from
additional data accumulation.

V. DISCUSSION

We have proposed a suite of indicators for the L@kamplain Basin Program that can begin to
provide information on both the state of the Lake@plain ecosystem and the effectiveness of
some of the principal management actions in the ptehensive management plan,
Opportunities for Action. However, moving forward with an Ecological lodiors Program is
not without its challenges and tradeoffs, as weitsiopportunities.

Monitoring and Data Management

The current monitoring efforts on Lake Champlaia tagmented, and sometimes without clear
objectives. We believe that there would be suthstabenefits in examining these programs in
light of what they are accomplishing, both indivadly and in combination. The result of such
an examination might be a streamlined monitoringgpem with significantly greater impact.
Just as management of Lake Champlain must be agfpgdabn a cooperative basis, monitoring
must also be a joint undertaking, with each partoetributing to an overall assessment of the
state of the Lake. Currently, only the Long-termorBonitoring project is providing lakewide
data, and this sampling effort is focused on phogd) it does not include the other issue areas.
Although plankton samples have been collected fde@ade, all of these samples have not been
analyzed and much of the data is not yet interdreteeasily available.

One of the biggest challenges we faced in PhasktRi project was gathering the data we
needed to examine potential indicators. Data wésn hard to track down, difficult to get, and
in a form that required enormous effort in ordeeutract, summarize and use the information.
If there were monitoring reports that accompanibd tata, they tended to present the
information with minimal analysis and interpretatiomaking it of minimal value for
management.

These are universal problems, not ones uniqueethdke Champlain Basin. The same type of
data management challenges are increasing receiditignal attention in fora sponsored by the
National Science Foundation (NSF) and others. Uride umbrella of standardizing the
Cyberinfrastructure, the problems associated widintaining, networking and providing access
to heterogeneous environmental data and standdrtbeeats for metadata are being discussed
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in the NSF’s Advisory Committee for Environmentagédearch and Education. The National
Academy of Science is also forming a Long-Livedd@@bllection Task Force that will examine

how to store and make monitoring data sets availablhere is an opportunity for the LCBP to

be in the forefront by placing focused attentiontbis issue in the future. Clearly, better data
management and data availability are essentiabtio increasing our understanding of the Lake
Champlain ecosystem and to informed decision-making

The question of how to make the data themselvasrbistnot a trivial one. Clearly, the more
effort that goes into designing a useful monitorprggram initially, the better the product will
be. If a goal of the program is to detect trendsr@ime, then a careful analysis of the power of
the sampling effort, for both temporal and spatésiolution, is needed. The data set must meet
the assumptions of the statistical tests that mves®ned, and must be appropriate for the area of
extrapolation. Our phosphorus model and analysithe phosphorus data, the LCBP’s most
extensive data set, shows that even these dat&ermlatively coarse resolution for detecting
subtle trends over time. Because we only havesangling station for each lake segment, we
are also on tenuous ground extrapolating to thieeclake segment based on this data point.

Other Indicators Programs

Our struggles to define our Ecological IndicatorodPam are also not unique, and it is

instructive to look at a few other selected examplEach of these other programs, one national
in scope and the others regional, has strengthsveainesses. As we move forward with our
program we can learn from their strengths andarmvoid their weaknesses.

The Heinz Center (2002) recently completed a lacme effort to define indicators that can
provide information on all the major ecosystemthm United States. Their report on the state of
the nation’s ecosystems was designed to be (13ypotievant, relating directly to questions of
concern, (2) technically credible, or consistenthwiurrent scientific norms, and (3) politically
legitimate, or rigorously nonpartisan. In recomufieg a national program of 103 indicators, the
project team focused on measures of state, ignahegressures and responses because these
would become areas of public and scientific debaf@r each of the six major ecosystem types,
indicators were chosen in four categories: systenexsions, chemical and physical conditions,
biological components, and human use.

Only about a third of the indicators are currerglypported by all the data they need for a
national evaluation. The Heinz Center chose tectethose indicators they thought most
appropriate first, and then evaluate the data basa$able to support them. The report clearly
lays out the data gaps in the hope that this méglsburage action to fill the gaps. The Heinz
Center also did not to do an overall assessmeihieastate of the nation’s ecosystems, and makes
no judgments about whether any condition is “good*bad.” In doing this, the Heinz Center
hoped to avoid politicizing the results or promgtithe perspective of any particular interest.
Policy-makers will have to interpret the resultsl alecide whether management is adequate or
not. The team acknowledged that combining thee stalicators with hypotheses of cause and
potential management solution must be part ofdeatsion-making process.
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The freshwater ecosystem indictors recommendedhdyeinz Center (2002) for lakes include
total phosphorus concentration in the growing seaSecchi disk transparency in the growing
season, a categorical ranking of the number obksked non-native species in the watershed,
the number of at-risk native freshwater specieg, mlamber of unusual animal deaths or
deformities in a year, and a measure of fish aritbbedwelling animal community integrity.
The report also recommends indictors of the nunabevater-borne human disease outbreaks,
and the number of freshwater recreation days.

The report goes on to discuss the limitations mesof the indicators. The team notes that at the
national level, phosphorus data are not alwaysileattailable and the spatial and temporal
coverage is inadequate for both general charaateriss (because so many samples are focused
on point source discharge sites) and trends detectiNo measure of fish and macroinvertebrate
community integrity was recommended. The teamdttat the most commonly used measures
of biotic integrity, such as the IBl, were develdpfor streams, and thus are not wholly
appropriate for lakes. Any index that is developedst also be tailored to the species
composition in the specific area where it is usdthe report noted that defining a nationally
consistent scoring system and approach to referepodition will also take considerable
additional development (The Heinz Center 2002)

The Heinz Center project was unique in trying toyte a national database that could serve as
a point of reference for considering many otherstjoas. Around the nation, there are also a
variety of indicators projects that are designed pimvide information that can guide
management decision-making in a more direct walge dpproaches taken and lessons learned
from these programs can also help guide the dernedap of the Lake Champlain Ecosystem
Indicators Program.

The EPA’s National Coastal Assessment Program (EF3\ 2004) has synthesized a variety of
measures of ecological condition into five broadides of coastal ecological health. These
include a water quality index, sediment qualityerda benthic index, a coastal habitat index,
and a fish tissue index. These indices were sldzdsed on the availability and consistency of
monitoring data for estuaries and coastal wateresacthe country, and they are created by
combining data collected from different programsnadstered by multiple federal agencies

(EPA, NOAA, and US FWS) and coastal and Great |saétes.

The water quality index is based on a combinatibmonitoring data and ranges of acceptable
values for dissolved oxygen, chlorophgllnitrogen, phosphorus, and water clarity at edteh s

It is designed to identify where water quality ciioshs are “acutely degraded” and, therefore,
does not adequately capture episodes of intermittgyoxia, eutrophication or low water clarity.
Definitions of poor, fair and good condition werstablished using values taken from the
scientific literature, as well as surveys of reseumanagers and the knowledgeable public. For
example, a dissolved oxygen concentration of lbas 2 mg/l was assigned a rating of “poor”
because it is widely accepted as the thresholtyfpoxia.

Once an individual site was assessed for eachataticthe NCA then assigned a regional rating

based on the percentage of individual sites meatertpin criteria boundaries. These were
based on a median of the survey responses proWgl@hvironmental managers, the scientific
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community and the knowledgeable public for thesd#icetors. These regional indicators of
estuarine condition were then used to compile #omalt assessment of aquatic life use and
human use attainment. A site was judged impaweaduatic life use if water quality condition,
sediment quality, benthic condition or habitat legsre assigned a poor rating. A site was
defined as threatened for aquatic life use if twonore indicators were determined to be fair. If
three or four of these indicators were rated good maone poor, then the site was deemed
unimpaired for aquatic life use. Human use att@ninvas based on the fish tissue contaminants
indicator.

Although the concept of broad indexes is attractiie lack of data for many estuaries around
the country, the multiple levels of compositing @hd heavy reliance on professional judgment
leave this indicator approach open to question.th&sreport openly acknowledges, there are a
number of shortcomings in the available data, dredratings cannot represent all individual
estuarine systems. However, if a consistent mongoprogram were put into place to
systematically collect the data that is used tater¢he indices over the coming decade, it might
be used in the future to provide a reasonable negj@mnd national assessment of coastal waters.

An effort to develop a comprehensive set of indicafor the Great Lakes has been underway
for about 10 years. A long list of potential inaliors for the Great Lakes basin was developed
under the auspices of the Great Lakes Water Quatirgement (GLWQA) in the 1990s. The
purpose of the indicator suite is to “objectivelgpresent the state of major ecosystem
components across all Great Lakes basins,” to tépeistatus and trends of the basins every two
years and to assess progress toward the achieverhédm GLWQA objectives (Bertram and
Stadler-Salt 2000). The Great Lakes indicator bgreent process has been facilitated by a
series of conferences, the State of the Lakes BtasyConferences (SOLEC) beginning in 1994
and continuing on an approximately biannual schedulExperts are working in seven core
groups, including nearshore and open waters, doasttands, nearshore terrestrial, land use,
human health, societal and unbounded concerns.liSth& indictors is dynamic, but the focus
has been on using existing monitoring program$&i@slata source for the indicators.

The SOLEC indicators are organized using the PresState-Response framework, but to date,
the overwhelming emphasis has been on pressurstaredindicators (Bertram and Stadler-Salt
2000, Shear et al. 2003, Neilson et al. 2003)ess$ure indicators describe both natural processes
and human activities that impact, stress or threa&evironmental quality. State indicators
examine the environment, the quality and quantitpaiural resources, the state of human and
ecological health and sometimes reflect environalemiolicy implementation. SOLEC
indicators were developed to be applicable at ambagle scale and therefore, are relevant to all
the Great Lakes. The program includes specificgdts” or acceptable levels for some
indicators, especially the physical-chemical oreg,for many others, trends are reported over
time (Bertram and Stadler-Salt 2000, Neilson e2803), with the target being a more general
restoration or maintenance of a healthy population.

The various investigators in the SOLEC program hexplored a variety of metrics for the
biological community in the Great Lakes. For py&mkton, biomass (gfhhad been tracked
in each of the Great Lakes except Lake Superiaresi®79 (Barbiero and Tuchman 2001) as a
primary state indicator. Several metrics for tlo®@ankton community have been suggested,
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including zooplankton size (mean length) and th® raf calanoid copepods to the sum of the
cyclopoids and cladocerans (Neilson et al. 2008hile acceptable levels and the interpretation
of these metrics remain a matter of debate, ikpeeted that the ratio of calanoid copepods to
the other groups should increase with decreasintgient enrichment. For several other

taxonomic groups, such as the benthic amphipgmbria and several species of fish, both the
abundance of the population and its contaminany bodden are monitored.

In 2002 and 2003, the US General Accounting Officelertook an analysis of the SOLEC
indicators program and progress towards restoratfadhe Great Lakes (US GAO 2003). The
GAO found problems with the coordination of the méederal and state programs on the Great
Lakes and came to the conclusion that the availablermation was not adequate to
comprehensively assess restoration progress. égwetrspecifically noted that many indicators
were interpreted using “subjective judgment to detee whether conditions are improving” and
that despite nearly 10 years work on the SOLECchtdrs program, no date for completing a
final list of indicators had been established. &ese of the focus on ecological state, the report
also noted that the indicators program cannot gaided to measure overall restoration progress
or to “evaluate, prioritize, and make funding demis on the merits of alternative restoration
projects.” The GAO recommended that “the Admirigir, EPA, in coordination with Canadian
officials and as part of an overarching Great Lastestegy, (1) develop environmental indicators
and a monitoring system for the Great Lakes Babket tan be used to measure overall
restoration progress and (2) require that theseatats be used to evaluate, prioritize, and make
funding decisions on the merits of alternativeaestion projects” (US GAO 2003).

The Chesapeake Bay Program (CBP) is a regionahgrattip among Maryland, Pennsylvania,
Virginia, the District of Columbia, the Chesapediay Commission and the EPA that was
established in 1983. It has an environmental atdis project with goals to (1) evaluate the
progress of the Chesapeake Bay restoration eff@ytimonitor environmental condition and
response to restoration, (3) provide informatioressary to establish restoration goals, (4)
inform and involve the public in achieving the goahd (5) make indicator data available upon
request (Sylvester 2001). The CBP developed its, omnique framework that organizes
indicators by “track” and “hierarchy.” The fouréicks” are (1) nutrients, primarily nitrogen and
phosphorus, (2) living resources, which addressesotganisms and habitat of the bay for the
livelihood and enjoyment of the public, (3) toxiesd (4) cross-cutting, which includes
indicators for activities that cause multiple im@agSylvester 2001). These four tracks
correspond to the major issues being addressedebBP. The indicators, in most cases, are
also classified as one of the following six hiehgréevels (1) actions by regulatory agencies, (2)
response of the regulated and nonregulated comynuf@j changes in discharge/emission
guantities, (4) changes in ambient conditionscf@nges in uptake/assimilation and (6) changes
in health, ecology or other effects (Sylvester 900Ihe first two hierarchy levels are designated
administrative and the other four are environmental

The CBP presents regular “State of the Chesapealy® ports for policy-makers and the
interested public (Chesapeake Bay Program 2002hessioned in the last section. Each report
presents information about the bay along with gi@plthat track the indicators over time to
examine progress towards the goals of the progradpecific acceptable levels have not been
established for every indicator, but all the intlica are presented with reference to the goals of
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the CBP program. The reports are comprehensiee 802 report is 60 pages in length) and
include an overall analysis.

The CBP indicator program is a strong model; theg@m has a consistent reporting style that
presents indicator data over time and in the cdrdkethe overall management goals. However,
the indicators themselves are not evenly distribbuaenong the issue tracks and across the
indicator hierarchy, and no conceptual model se#msinderlie the indicators or link the
condition of the bay to particular pressures oivialdial management actions. The monitoring
program has recently been criticized because it tho¢ adequately account for the increases in
nitrogen and phosphorus that are coming from a ig@wopulation (Whoriskey 2004). The
model that has been used to track progress towhedautrient goals over-credits for nutrient
control efforts, and predicts lower nutrient cortcations in bay waters than what is measured
through the monitoring program. There is currerglylebate underway about how to more
accurately present the information — and the sihtgcientific understanding — in the biannual
“State of the Bay” report.

In the Long Island Sound Study (LISS), ecosystedicators were developed to evaluate the
health of the Long Island Sound and answer questtiout water and sediment contamination,
fish and wildlife populations and habitat and chesxgue to human activities (U.S. EPA 2001).
The indicators were developed from federal, stateaher available data and were summarized
into a “State of the Sound” report in 2000 (Tede2000) that has recently been updated (Burg
2004). By presenting the status and trends oémfft components of the Long Island Sound
ecosystem together, the LISS hopes to show thamtiid complexity of the Sound, the links
among the problems that are occurring in the Soand,the human activities that cause those
problems (U.S. EPA 2001). Other indicator projgotls included providing insight into the
effectiveness of the hundreds of millions of dalarvested into Long Island Sound restoration
and identifying gaps in the existing monitoring €sco 2000). Although a variety of indicators
are included in the program, and trends in indicateasures are tracked over time, acceptable
levels have not been explicitly addressed in theglsland Sound Study for most indicators.

The indicators that we have proposed for Lake Champare consistent with many of the
indicators used in these other indicators programike PSR framework is acknowledged by
both The Heinz Center (2002) project and the Giedtes Indicators project as a useful
framework. By recommending indicators in all thegeas, we hope to increase the ability of the
LCBP to make judgments about the effectiveness afagement as the data base grows. The
program that we suggest has a conceptual frameveodet of indicators that is tied to this
framework, and an application strategy that incudefining acceptable levels over time so that
the data gathered can be interpreted and usedddagtive management approach.

The Heinz Center (2002) recommended developingotchindex for freshwater ecosystems,
although it acknowledged that this would be a diffi undertaking. Alternatively, the Great
Lakes and Chesapeake Bay Programs have relied andarator species approach. We
acknowledge that additional biotic community indaza are desirable over time, but we didn’t
feel that we could recommend either a specific xnolean appropriate set of indicator species at
this time.

140



Biotic Indexes and Indicator Species

There is an extensive literature on biotic indexés mentioned previously, the most widely
used indices are probably the Rapid Bioassessnretnddl (RBP) score (Plafkin et al. 1989,
Barbour et al. 1999) developed by the US EPA ardrtex of Biotic Integrity (IBI) developed
by Karr (1981). The IBI consists of 12 measuregluding fish species richness and
composition, status of indicator species, trophigaaization and function, fish abundance,
reproductive status and condition of individuahfis The index value for a particular stream is
calculated and then compared to a reference valjugltje whether the condition of the stream is
acceptable or not. Some authors have argued théinmatric indices obscure, rather than
highlight, important patterns. They also suggkat tnany of the individual metrics that go into
these indices are correlated, and, therefore,irtaippropriate to sum them (Green 1979, Norris
and Georges 1993, Suter 1993). Despite theseationits, the IBl and a number of similar
indexes are now in widespread use.

Over the last several years, the US EPA has beekingoto further develop its bioassessment
approaches and adapt them for use in lakes (US EIR8, 2003). These methods are essential
if biocriteria are to be used for judging complianeith water quality standards. Most of the
measures being considered as indicators relateaxonbmic composition of the algae,
macroinvertebrates, or fish. Multivariate statestapproaches are being used to classify sample
sites either as reference locations or as sitésatkan a healthy or impaired condition.

Multivariate statistics are attractive becausenformation is lost in the analysis. Each species
is treated as a separate variable; therefore, molbe changes in community structure can
sometimes be detected, potentially allowing bedifferentiation among moderately impaired or

degraded sites. Various techniques such as caonarrespondence analysis, principal

components analysis, and multiple regression carsed to relate two sets of data to each other,
for example, land use or water quality data and &bundance data.

However, multivariate approaches also have linuteti They cannot be used to show trends
(improving or deteriorating conditions in a timaiee analysis) and the tests themselves are not
generally amenable to significance testing. Alltwariate approaches measure differences on a
relative scale, so most are highly sensitive tdienstin the data set. If outliers are removed,
very real biological information can be lost. Sarly, transformation and removal of rare taxa
(to eliminate zeros, which make statistical solgianore difficult) may not be biologically
appropriate; rare species may indicate much abmldical condition (Watzin and Mcintosh
1999).

In a recent essay, Suter (2001) argued that iralicabnitoring would be more useful if the

indicators were selected using the concepts ofogaml risk assessment. In risk assessment,
assessment endpoints are valued properties ofctheystem that are susceptible to stressors of
concern because the focus is on determining caes#tionships. Suter suggests that many
ecological indicators programs are only periphgrattncerned about causal relationships and
track measures that cannot be interpreted. Ifcatdrs were instead selected as if they were
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assessment endpoints, the monitoring program wdwade much greater significance for
management decision-making.

The idea of selecting an indicator species to sprethe response of many others is attractive,
but it means that the indicator taxon must be tated with many other less well-known taxa
(Prendergast et al. 1993, Carignan and Villard 20@9though there appears to be considerable
congruence in patterns of biodiversity at globalles (Prendergast et al. 1993, Gaston 2000),
there is much greater variation at finer scalegshsas the landscape and habitat scale
(Prendergast and Eversham 1997, Allen et al. 18830 et al.2003). At these scales, it does
not appear that single taxonomic groups are nedlysaayood surrogate for overall biodiversity,
although they still may indicate something abowtimmental quality.

Even if there was good co-occurrence among taxongnaiups, each species has a unique set of
habitat requirements and responds to a varietyactbfs at very different scales. Finally, the
sensitivity and response time of populations wdrw All of these things make selection of
appropriate indicator species challenging, andstiection will require considerable knowledge
about candidates (Niemi et al. 1997, Eiswerth ameheéy 2001, Carignan and Villard 2002).
While “keystone species,” “umbrella species,” antieo concepts about species that have
unusual importance in a community might suggessehe&ould make good indicators, their
selection is often likewise difficult and based mwomplete information about community
interactions and ecosystem function (Paine 199%p8iloff 1998). There are very few studies
of potential keystones in lake ecosystems.

In a review of potential indicators for agri-ecasyss, Buchs (2003) argues that many managers
and policy-makers have unrealistic expectationsbfotic indicators based on their experiences
with abiotic water quality and soils indicatorshely expect that biotic indicators will be easy to
assess and understand, that numerical measuretinbagference values and thresholds can be
clearly defined and thus made legally valid, anat tinere is one best biotic indicator that can
represent an entire ecosystem and all the procgssgg on in it. Such unrealistic expectations
can only lead to frustrations and monitoring proggahat are both inadequate and scientifically
indefensible.

Indicator species clearly can be selected basddioran interest and management attention, and
this, in large part, has guided the selection otibiindictors in both the Great Lakes and the
Chesapeake Bay programs. Several of the indicHtatsve have recommended in the sport fish
and mercury toxicity issue areas also fall intostkategory. However, it is important to
recognize that species selected by social criteayg, in fact, indicate very little about the ovéral
integrity of the ecosystem (Simberloff 1998, S@@01, Carignan and Villard 2002).

For Lake Champlain, where there are significanfiedéinces between the biotic communities in
the various lake segments, it seems unlikely tretwould ever be able to develop a biotic index
that would be appropriate for the whole lake, omeoup with indicator species that are
appropriate in all locations. In the same way #tegams and lakes are first sorted into “types,”
before biocriteria and reference conditions araenegef Lake Champlain would likewise first

need to be divided into appropriate segments, hed appropriate indicators be considered.
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Obviously, this will be a long-term effort and mtgimore appropriately be considered after
additional data collection has increased knowlealgmit ecosystem function.

Additional Indicator Areas

Our proposed indicator suite does not generalljude economic indicators. Clearly economic
considerations are essential in the decision-makiagess, and capturing the links between
ecological goods and services and their econonfieesahrough a series of economic indicators
would add significantly to the overall indicatorogram for Lake Champlain. In recent years,
new techniques have been developed that can afesaoarket and non-market values with

ecological goods and services (e.g., Costanza 98V, Dailey and Ellison 2002). A number of
investigators have also proposed alternative measaf economic activity that separate the
positive contribution to the ubiquitous economidigator, Gross Domestic Product (GDP) from
the negative, thus accounting for a variety of alowielfare and quality of life considerations.

One of these is the Genuine Progress Indicator )(@BVeloped by the group Redefining

Progress (www.rprogress.org/projects/gpi/). Ingheng of 2003, Costanza and Erikson (2003)
and their ecological economics class calculatedite f GPI indicators for Chittenden County.

We recommend further exploration of this approacbre like it in the future.

There is particular merit in linking economic me@&suto environmental measures in ecological
modeling and futures forecasting (Carpenter 1289, Eiswerth and Haney 2001, Bennett et al.
2003, Osinski et al. 2003). The Lake Champlairsgstem, like all ecosystems across the globe,
is changing, often in ways that we cannot antigpaur ability to adapt to the changes depends
on our ability to envision future scenarios and emsthnd the ecosystem dynamics that drive
them. Practical solutions to complex problems ddpen sound socio-economic, as well as
ecological data. The examination of scenarios been part of good practice and decision-
making in the business community for years (e.gackv1985, Davis 1998). In ecosystem
management, scenario planning could help minimimprsses and cope with uncertainty by
developing management approaches that are robdst anrange of potential future conditions
(Bennett et al. 2003). Even in cases where q@divet estimates are not possible, qualitative
expressions of the relative trade-offs that comi warious activities can often be outlined and
factored into decision-making (DeFries et al. 2004)

We know that natural factors and stochastic evékés severe storms and drought can also
influence ecosystem condition and the outcome afagament. We have not included a full set

of indicators to track natural factors in all ouoposed indicator suites, but these probably
should be included in the future. The influencetledse factors can also be considered using
scenarios and modeling. The Great Lakes indicgimct has placed enormous attention on
these factors (Bertram and Stadler-Salt 2000, biretst al. 2003) and we can definitely benefit

from that experience.

Under the guise of natural factors, we might alsasider indicators that capture important
natural processes that we know are important fontaiaing ecological integrity. For example,
we know that the characteristics of the Lake Champbasin also influence the water quality
and ecological integrity of the lake. Therefores might consider adding a set of landscape
indicators that can help capture these charadteribeyond the simple land use measures we
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have in the phosphorus issue area. For examplénaw that the amount of wetland in Lake
Champlain watersheds influences the load of phasghto the lake (Weller et al. 1996), and
that in general, the proportion of wetland areavedershed area is a general indicator of the
ability of the watershed to hold water, and thusepbally treat it (Wetzel 1990). We could
consider a landscape state indicator related ®etfects. We also know that higher proportions
of vegetated riparian zones are associated withettheced phosphorus loading to surface waters
in watersheds (Correll et al. 1992, Osbourne andakic 1993, Lowrance et al. 1997, Perry et
al. 1999). Therefore, another potential indicaiould be developed that tracks the proportion of
the riparian zone that is vegetated in watersheflsis could be either a state indicator, or a
response indicator as streambank stabilization eskgetation projects continue to be
implemented throughout the basin.

Research Needs

Finally, we believe it would be both short-sightaal naive to move forward with an indicators

program without also investing in additional pracesiented research, to provide a context for
understanding and interpreting the monitoring daeditional research is needed in all the issue
areas and priorities for research funds shouldstebished at the same time that an indicators
program is endorsed and implemented.

We believe there are particularly acute needs aetstanding the ecology of the lake itself, and
in linking the issue areas together. Even thoughhawve a lot of phosphorus data, there has only
been limited process-oriented research on the ploosp in the lake. Not only do we have very
little data on sediment phosphorus concentratiomast areas of the lake, we also have only a
general understanding of the rates of exchange thghoverlying water (internal loading).
Therefore, we cannot accurately predict responsestito phosphorus reductions in lake
segments like Missisquoi Bay.

Managing the living resources in Lake Champlairunexs both social information (what do the
citizens of the basin want?) and biological infotima about the food web linkages and the
biological capacity of the lake. Currently we kawmsufficient information in both categories.
The LCBP has not explicitly considered the desireddition the lake beyond “a healthy and
diverse ecosystem.” Although a worthy goal, thiglgis too vague to guide management or
decision-making.

The current phosphorus criteria were developeddasedata that show impairments in human
use and enjoyment of the lake with increasing aldahsities. However, there is little
information about what other ecosystem charactesistre valued. We currently do not know
whether the phosphorus criteria will support thaeadg community that is desired because that
community has not been articulated. Although samperiments were conducted on the
linkages between nitrogen and phosphorus and gtgalth in the Main Lake in the mid-1990s
(Levine et al. 1997/9a, 1999b), no work has beamedno critical lake segments like Missisquoi
Bay and St. Albans Bay. We do not understand ptam&ynamics well enough to predict how
the food web might respond to nutrient reductioms &we have no idea how top-down pressures
from the piscivorous fish are affecting the plamktoln other areas, links between the pelagic
and benthic communities are increasingly recognaedmportant (Vadeboncoeur et al. 2002),
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yet except for acknowledging the importance of mysirimp (LaBar and Parrish 1995), little
attention has been paid to the importance of thsettinkages in Lake Champlain.

This lack of basic understanding makes it extrenufffycult to even interpret the data we do
have. For example, analyses of trends in the ao@pbn monitoring data show dramatic shifts
in taxonomic composition in several lake segmearl{ng et al. 2004), but we can only
speculate about why this might be. We cannot éxpldy the algae in Missisquoi Bay is now
so strongly dominated by cyanobacteria. There hi&et/ been significant changes in the fish
communities in a number of lake segments, but wg bave a fragmented data base on this
assemblage. Some of these changes may be retat@@rtagement, especially sea lamprey
control, but the invasion of exotic species coudelven more significant. Until we develop an
understanding of the trophic linkages and transdees among the aquatic biota in the lake, we
will not be able to explain the patterns that we ae any trophic level or make scientifically
defensible management decisions.

As the monitoring activities in the Lake Champldiasin are modified to implement an
ecological indicators program, testable hypotheabsut ecosystem function should be
developed in tandem. Those hypotheses might bealbaranswered by the collection of
additional monitoring data if they are collectedngsthe PSR framework we recommend, but
process-oriented research will be needed as willese data can also be used in models and
futures scenarios that can inform an adaptive mamagt approach. Models and scenarios offer
significant opportunities to help optimize our aaos and move as quickly as possible in the
directions we want to go.

VI. NEXT STEPS AND CONCLUSIONS

Obviously, additional effort will be required indaer to establish a fully operational set of
ecosystem indicators for Lake Champlain. As iglent in the case studies of other indicators
efforts, development and implementation of an iattics program is a long-term endeavor and
should be undertaken within an overall commitmerdadaptive management.

We recommend the following specific steps to follayw on this work and continue the
development of an ecological indicators prograntlierLake Champlain Basin Program:

1. Convene both technical and policy-level workghto consider the information in this report
and select an initial set of indicators for implertaion.

2. Revise the current monitoring programs amomegpiétner institutions in the LCBP in order
to collect the data necessary to implement thecatdrs program. We suggest particular
attention be paid to improving current data coitettto maximize its utility, and adding
indicators in the phosphorus, sport fish, and peltgpd web issue areas.
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3. Establish acceptable levels for the state aidis in the Lake Champlain ecosystem
indicators program as soon as practical. Use tleesés as a basis for defining acceptable levels
of the pressure and response indicators over time.

4. Continue to explore the linkages between isateas inOpportunities for Action and
explicitly consider a set of indicators that captoae those linkages.

5. Add socio-economic indicators in core issuasire

6. As part of a regular “state of the lake” repqblish a first scorecard for a core set of
indicators as soon as practical, and commit torluahupdates of the scorecard and state of the
lake report.

The evidence of human domination of earth’s ecesystis everywhere (Vitousek et al. 1997).
Without explicit consideration of our role and amnpacts, continued environmental degradation
will be the most likely, if unintended, result. Wselieve it is imperative that people be
considered an explicit part of the Lake Champlatosgstem; it is not possible to manage
ecosystems as if we are external to them. In antebook entitled “Win-Win Ecology,”
Rosenweig (2003) argues that we can slow the lb&sodiversity and improve environmental
conditions for all species in the future, but oiflyve acknowledge our role and responsibility
and act aggressively and deliberately to sharehabitats with other species. There are trade-
offs that will have to be considered. Land usei@w®in particular will require balancing current
human needs and wants with maintaining future estesay functions (DeFries et al. (2004). A
thoughtfully implemented ecological indicators mam can assist by providing the data and
frameworks necessary to inform these choices ak@®P embraces the challenges of the new
millennium.
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IX. APPENDIX A

Comprehensive List of Proposed Indicators

Table 3: Summary of recommended phosphorus indicats.

P .
Indicator S Available vear Source Recommended Fr(_aq_uency
R Measure Measure (minimum)
US census
US: 1950 - data at Human population ~ Update
. Human population  2000; Holmes and Pop P
Population . . ; ~| by lake segment| every 10
by state/province| Canada: | Associates; subwatershed ears
2001 Statistics y
Canada
Developed Percent developed LandSat Percent developed Update
lan dp P land by 1993 imagery; land by every 10
subwatershed data at VCGI| subwatershed years
Aaricultural Percent LandSat Percent Update
9 land P | agricultural land 1993 imagery; agricultural land every 10
by subwatershed data at VCGI| by subwatershed years
VT:2001-
Stocking density 2_002; VT AFM; Stocking density Update
. . : ; NY:1993- NYS : )
Animal units | P| (animal units/ha) 2002: SWee: (animal units/ha) every 2
by subwatershed QC:1998- QC ME by subwatershed years
2003
Annual mean LCBP long- Annual mean
Phosphorus . | : . | I
load P | tributary P load by, 1991-2002 term bl_o- tributary P load by,  Annually
lake segment monitoring lake segment
P in water Annual mean P LCBP long- | Annual mean P
S | concentration by | 1991-2002| term bio- concentration by |  Annually
column o
lake segment monitoring lake segment
Lake segment LCBP long- Lake segment
Chlorophylla | S annual average | 1991-2002| term bio- annual average | Annually
chl-a monitoring chl-a
Concentration of Concentration of Update
P insedimentf S P intop 10 cm of 1994 Hydroqual | P intop 10 cm of every 5
lake sediment lake sediment years
Aquatic Electronic data Biomass/i for Update
q S . 1998-2003 VT DEC | areaslessthan 10 every5
plants unavailable
m deep years
Zebra Data on adults Biomass/i for Update
S . areas lessthan 30 every 5
mussels unavailable
m deep years
Phosphorus load
Percent of farms| VT:1996- VT AEM: reduction from Update
Farm BMPs | R| and animal units 2003; NYS SWéC implementation off  every 2
treated NY:2002 agricultural BMPs years
by subwatershed
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Difference
between lake

Wastewater R Lake segment P 1991, VT DEC,; segment P load g\?edratg
treatment load from WWTF | 1995-2002| NY DEC from WWTF an ea)rls
the TMDL y
allocated load
Percent of Phosphorus load
Sstormwater reduction from Update
Urban BMPs . 2003 VT DEC implementation of|  every 2
permits that have ban BMPS b
expired urban s by years
subwatershed
Phosphorus DO||!]ac.)I’SS sh%erzts_on Update
Education R|  specific data LCBP PRosp every 2
. oriented outreach
unavailable . years
and education
Table 12: Summary of recommended bacteria indicats.
P Available Recommended | Frequenc
Indicator S Year Source - y
R Measure Measure (minimum)
US: 1950 -| Holmes and |, .0 oopulation  Update
. Human population ~ 2000; Associates; Pop b
Population P . . o by lake segment| every 10
by state/province| Canada: Statistics subwatershed ears
2001 Canada Y
Percent samples UvM Percent samples
Stormwater P| that exceed state 2002 (Burlington that exceed Annually
standard Bay only) standard
Stocking density VT:_ZOOZ;_N . Stocking density Update
. . . . Y:2002; VT AFM,; . .
Animal units | P| (animal units/ha) . (animal units/ha) every 2
QC:1998- | NYS SWCC
by subwatershed 2003 by subwatershed years
Measure when
Wildlife P | Data unavailable necessary in As needed
problem areas
Number of beach V\I/:;E'E;esrgn?:ﬂ% ?ﬂ;t
E‘:"/Ztlz”a S Wafgczaerggéstghat 1997-2002 exceed state | Annually
standards at
standards T i
priority locations
Days of beach Days of beach
Beach closure) closure at 1990-2002 closure at_aII Annually
Burlington Champlain
beaches beaches
Bacteria load
Percent of farms| VT:1996- VT AEM: reduction from Update
Farm BMPs R| and animal units 2003; NYS SWéC implementation of| every 2
treated NY:2002 agricultural BMPs years
by subwatershed
Percent of Bacteria load
Sstormwater reduction from Update
Urban BMPs . 2003 VT DEC | implementation of| every 2
permits that have ban BMPs b
expired urban s by years

subwatershed
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Table 13: Summary of recommended mercury contamin&n indicators.

P .
Indicator S Available vear Source Recommended Fr(_aq_uency
R Measure Measure (minimum)
Annual mean Hg
Atmospheric p Mez?nl;ioilc;]aedriirom 1994- NOAA load from Lésg?tesd
load o 1996 atmospheric Y
deposition - years
deposition
. : Annual mean Hg| Updated
Tributary p Discharge apd Hg 2000 USGS load by lake every 5
load concentrations 2002
segment years
Measured Hg
Point Estimated Hg load load from point Updated
) P . NA SLU every 5
Discharge from point sources sources by lake ears
segment Y
con-ggffilr:t%n in LOtiLﬁzgn?Ztt?grll Updated
Hg in Water S 2001 USGS 9 every 5
water column by in water column
years
lake segment by lake segment
con-(r:ce)trilr:t%n in LOtiloﬁzgnT;?gri Updated
S . 1991 UVM 9 . every 10
sediment by lake in sediment by
. years
Hgin segment lake segment
Sediment Number of lake
Updated
segments above every 10
threshold effects y
level years
Mean Hg
wean g o Update
Food web S| concentration in 1997 UvM Y opr] every 5
lankton level species in years
P selected lake
segments
Mean Hg .
- concentration in 1988- Body burc_ien In Updated
Hg in Fish S VT DEC key species by every 5
walleye and yellow 2000 ;
weight class years
perch
Hgin Mean Hg Body burden in
g concentration in L
Piscivorous | S S selected wildlife
- selected wildlife .
Wildlife . species
species
. NY and VT fish Number of Updated
Consumptlon R consumption VT DOH, species for which| every 5
advisories o NY DOH L .
advisories advisories exist years
Basin source . Updated
reduction R Dollars spent on LCBP Hg Ioad_reductlon every 2
source reduction achieved
programs years
Emission Hg load reduction Updated
. R . every 5
reductions achieved
years
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Table 16: Summary of recommended indicators for &ealthy sport fish community.

P .
Indicator S Available vear Source Recommended Frgq_uency
R Measure Measure (minimum)
Mean number of LCEWMC: Mean number of
Sea Lamprey| P wounds per 100 | 1982-2002 ' wounds per 100 | Annually
VT FW
lake trout lake trout
Habitat Develop index of Update
; P | Data unavailable habitat quality for| every 10
Alterations ;
spawning areas years
Analer Creel surveys by
h 9 P | Data unavailable selected lake Annually
arvest
segments
Mean Hg .
concentration in Body burden in Updated
1988-2000 VT DEC key species by every 5
walleye and weight class ears
Hgand PCBs| P  yellow perch 9 y
Gonadosomatic Gonadosomatic Updated
index in juvenile 1995 UvM index for selected] every5
walleye species years
Annual lake trout
Mean number of ooulation
Sport Fish S| lake trout per gill | 1982-1997| LCFWMC hop Annually
. abundance by lake
net lift
segment
Mean rainbow Mean rainbow
smelt catch per | 1987-2002 LCFWMC | smelt catch per | Annually
Forage Fish S trawl trawl
Rainbow smelt Rainbow smelt
1984-2002 LCFWMC Annually
mean length mean length
Phytoplankton ang i LCBP long-
zooplankton 19.91 2002, term bio- Biomass and size
. with some Lo SN
taxonomic missin monitoring; distribution of Annually
Plankton and composition and datesg SUNY- zooplankton
biodiversity S | relative abundance Plattsburgh
Number of exotic
species in the laké LCBP — Percent_abundgnce Update
- 2000 of exotic species every 2
(fish and ANS plan by taxa ears
plankton) y y
Abundance of Abundance of
Nontarget S selected taxa | 1990.1995| LCEWMC selected taxa Annually
species before and after before and after
TFM application TFM application
Hatchery released Hatchery released
Stocking R| smolt equivalents| 1972-2002 LCFWMC | smolt equivalents| Annually
by lake segment by lake segment
Miles of stream Miles of stream
TFM R exposed to TEM 1990-2000 LCFWMC exposed to TFM Annually
Abundance of Abundance of
Nontgrget S selected taxa 1990-1995 LCEWMC selected taxa Annually
species before and after before and after
TFM application TFM application
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Stream miles
Nonche_mlcal Data unavailable LCFWMC treated t_)y Annually
alternatives nonchemical
alternatives
Table 17: Summary of pelagic food web indicators.
Indicator Available vear Source Recommended Frgquency
Measure Measure (minimum)
Number of
P and N in Number of samples  1992- samples with an
water with N:P> 50 2002 LCBP N:P> 50 by lake| ~Mnualy
segment
1992- Taxonomic
Taxonomic 2001 LCBP and composition and
composition and (some SUNY- Pelative Annually
relative abundancg missing Plattsburgh
Phytoplankton years) abundance
community Percent toxin Percent toxin
producing 2001- producing
cyanobacteria in 2003 UVM cyanobacteria by Annually
selected locations lake segment
Toxin Toxin
Blue green concentrations by | 2001- .
algae toxins selected lake 2002 UvM concentrations by - Annually
lake segment
segment
Taxonomic
Taxonomic LCBP and composn.lon and
o 1992- relative
composition and SUNY- ) Annually
: 2002 abundance;
relative abundance Plattsburgh .
average size of
Zooplankton .
communit the zooplankton;
y Ratio of
1992- LCBP and phytoplankton
2002 SUNY- biomass to Annually
Plattsburgh zooplankton
biomass
| Data for adulis Biomass/m for Update
Zebra musselg . areas less than 30 every 5
unavailable
m deep years
Mean rainbow 1987- Mean rainbow
smelt catch per 2002 LCFWMC smelt catch per| Annually
Forage Fish ra F}(ra?z\(lalnt Update
Num_ber_of exotic 2000 LCBP — ANS abundance of every 2
species in the lake plan . .
exotic species years
Days of beach
Beach closure closure by lake |  Annually

segment
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Drinkin Number of
g drinking water
water D2 Annually
o advisories by
advisories
lake segment
Annual mean i LCBP long- | Total phosphorus
Phosphorug tributary P load by 1991 term load reduction by Every 2
load reduction 2002 . o years
lake segment biomonitoring| lake segment
Table 20. Summary of water chestnut indicators.
Indicator PSR Measure Year Source Recommended Frgquency
(minimum)
. VT DEC
Area Infested P MII?S north of 1982- and Miles north of Whitehall, NY Annually
Whitehall, NY 2002 LCBP
Water-b_ased S Data unavailabld Develop measure of Update every
Recreation recreational use 5 years
Native Native species present and Undate ever
Aquatic S Data unavailable percent cover in shallow water p5 ears y
Plants by affected lake segment y
Dollars spent on| 1991- .
harvesting 2002 LCBP Dollars spent on harvesting Annually
Number of .
Harvesting mechanical 1982-1 ) cgp Number of mechanical Annually
R 2002 harvester loads
harvester loads
Biomass .
removed by 2?22 LCBP Biomass removed by hand- Annually
. pulling
hand-pulling
Table 21. Summary of recreation and cultural heriage indicators.
Indicator PSR Measure Year | Source Recommended Fregucy
Population and tourism Update
every 5
growth rates years
Demand P Lake-related recreation Update
interests, both residents and every 10
tourists years
Ecosystem State measures in othegr Update
” P . every 5
Condition issue areas
years
Miles of bikeway 1995- Miles of bikeway around
around Lake Champlain 2003 LCBP Lake Champlain Annually
Number of public access Number of public access
sites or imp rovements| 1995- sites around Lake Update
Recreational P . LCBP Champlain per capita every 5
S around Lake Champlain 2003 . i
Infrastructure (residents and tourists) by years
funded by LCBP
lake segment
Congestion and adequac Update
of harbor facilities by lake every 5
segment years
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Number of interpreted Number of interpreted Update
wayside exhibits in the| 2003 | LCBP wayside exhibits in the every 5
Cultural Lake Champlain basin Lake Champlain basin years
Heritage Sites Number of interpreted Update
cultural heritage sites inthe  every 5
Lake Champlain basin years
LCBP Dollars grantepl by Dollars granted by LCBP
LCBP for recreation and 1993- .
Infrastructure ; LCBP | for recreation and culturall Annually
cultural heritage 2001 . :
Investments . heritage projects
projects
Response measures in Response measures in other  As
Ecosystem other issue area issue area appropriate
Management Dollars spent on 1994- Dollars spent on
environmental education 2003 LCBP environmental education| Annually

and outreach

and outreach
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X. APPENDIX B

Phosphorus Ecological Indicator (PEI) Model Descripion, Algorithms, Function,
Calibration, and Sensitivity

The PEI models were developed for this projectltstrate how semi-quantitative models can
be used by managers to help guide their (a) uratetstg of phosphorus dynamics in the Lake
Champlain ecosystem, (b) thinking about the sealactof ecological indicators and (c)
understanding of the potential long-term impacts ntinagement programs. As currently
configured the model is designed to simulate l@rgat trends in how selected ecological
indicators might change in future decades. Fa pindject, PEl models were developed for the
Main Lake, Shelburne Bay and Missisquoi Bay segmentLake Champlain. The PEI models
are not designed for formal quantitative forecagtbut, rather, are meant to allow semi-
guantitative assessment of “what if this,” “whathft” questions within a planning/management
environment.

A. General Conceptual Model Framework

The general conceptual framework in which the PBteh functions is shown in Figure B-1.
The framework has three parts; (1) the lake segwieinterest in which phosphorus is stored in
the water column and in the bottom sediments, li2) lake segment watershed that directly
contributes TP to the lake segment water colummuiapoint and point source discharges and
(3) the adjacent, connecting lake segment(s) thettange TP with the lake segment of interest
via exchange and advective flows, in and out.

The PEI model assesses the change over time iantoeint of phosphorus stored in the lake
segment water column by continuously accountingalbinputs and outputs of phosphorus, a
notion analogous to managing a checking accoumthd model this is simply described as:

AS =% TP Inputs < TP Outputs Eqg. 1
and

S2=S14AS Eq. 2

where: S1 = amount of TP stored in water coluttimee t = 1 (kg TP)

S2 = amount of TP stored in water column at ime (one month later

since the PEI model makes iterative computatmmna monthly basis) (kg TP)

AS = change in phosphorus storage over one monthfkgonth)

> TP Inputs = sum of all the TP inputs to the lakgnsent water column
(Figure A-1). These input fluxes may include: ioint source
discharges, TP in non point runoff, TP resuspédrfdom bottom
sediments, TP in exchange and advective floars fadjacent lake
segments (kg TP/month)

> TP Outputs = sum of all the TP outputs to the dgment water column
(Figure B-1). These output fluxes may include: Settling to the
bottom sediments, TP in exchange and advedbtivesfto adjacent
lake segments (kg TP/month)
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djacent, Connecting
Lake Segments
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TP in Point Source

Lake Segment
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> Lake Segment < Watershed
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TP in Direct Non-Point /
f N Runoff
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Sediments
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Figure B-1: A schematic compartment-flux diagram ofthe framework of the
PEI model. The yellow objects are the components dfis framework, the
lake segment of interest, adjacent connecting lalsegments and the lake

segment watershed. The arrows are phosphorus (THRukes (mass TP/time)

moving from one component to another. The rectangal boxes are locations
where TP is stored (in the water column and bottonsediments). This
framework allows phosphorus to move from the wateised to the lake
segment while, at the same time, being exchangedhvadjacent connected
lake segments and with the sediments on the bottoof the lake segment of
interest.

Examination of equations 1 and 2 suggest that time conditions in the trend of phosphorus
storage can occur in the lake segment water coldfmat, the amount of phosphorus stored
remains constant over time (e&S = 0). This can occur only when theTP Inputs =3 TP
Outputs, a transitory condition rarely found in urat ecosystems. Second, the amount of
phosphorus stored increases over time &Syis positive). This can occur only when thadP
Inputs > TP Outputs, the condition that currently exists nmost Lake Champlain lake
segments. Third, the amount of phosphorus storeckdses over time (e S is negative). This
can occur only when thE TP Inputs <X TP Outputs, the condition typically sought by the
implementation of phosphorus management programs.

By iteratively accounting for the inputs and outpaf phosphorus at each monthly time step, the
PEI model generates trends over time in the amouphosphorus stored in the water column.
The model then computes the phosphorus concemtr@it® Conc.) in the water column for each
monthly time step with equation 3.
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TP Conc. =k * (S/V) Eq. 3

where:
TP Conc. = TP concentration in lake segment waikmn at any time
(Mg TP/L)
k = a constant that allows for adjustment of ainit
S = amount of TP stored in water column at amgt(kg TP)
V = total volume of water in lake segment (cutens)

Because the PEI model incorporates these very siraptounting notions it can be a very
powerful tool in examining phosphorus dynamics akel segments. Consider the following
general example of how managers might use the mbdelany set of TP input and output flux
values the PEI calculates a long-term trend inTtRestored and the TP concentration in the
water column. When an input flux is reduced, as mmagpen when a phosphorus management
program is implemented in the watershed, a newdffierent trend is calculated. Maybe the
water column TP concentrations increases over tiraee slowly than it did originally, maybe it
trends downward. With this simple example it isrsteat the model provides an opportunity to
gualitatively assess the sensitivity of long-temants in water column TP concentration to
change in management strategy.

The PEI model, like all other computer models, aeiseon the algorithms that are used in the
model calculations. These algorithms need to ap@igby describe what is happening in the
lake segment ecosystem. The model also requiresnphut of data which defines the initial
conditions that exist at the beginning of the smtioh run and rates at which things happen
within the lake segment. Considerable attention gwasn to incorporating competent algorithms
and input data into the model. Whenever a compuiedel is first run its output is typically
compared to a known (true?) value(s). Even underbiést of circumstances model generated
values rarely coincide exactly with the known valwnd “calibration” is undertaken to match
the model values to the known values; this wascdme for the PEI model. The calibration
process for the PEI model involves adjusting patamealues that describe TP cycling between
the water column and bottom sediments untii modeput values of water column TP
concentration matched the values of TP concentratierived from Lake Champlain water
guality monitoring activities (Diagnostic FeasibiliStudy 1992). This was done for each of the
three modeled lake segments and is discussed ia dedail below.

B. Watershed population and land use

The PEI model tracks, over time, population andllase change for the watersheds that drain
directly into each lake segment. To do this initialues are entered of population and the areas
of agricultural, urban and forest lands for eachensbhed. Additionally, a rate of population
growth must be specified. The values of these patams that were input to the lake segment PEI
models are summarized in Table B-1.

Currently, in the Lake Champlain basin, populai®growing so that urban areas are increasing
at the expense of agricultural and forest lands.pégulation increases over time, the model
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increases the urban land area by 0.18 ha/capiteu(ated from Hegman et al. 1999, Table 4.8

and Lake Champlain Atlas 1990 population estimdtey). each hectare increase in urban land
area agricultural and forest lands are each desmielag 0.5 hectares so that the total land area
remains constant.

Table B-1: Population and land areas for the watesheds that drain directly into the
Main Lake, Shelburne Bay and Missisquoi Bay lake ggments. The total land area in
each of these watershed is assumed to consist ofiagjtural, forest and urban
lands. Populations for USA are estimated for 2000dm 1990 census data (US
Census 1950-2000 at Holmes and Assoc.). Canadiampplations for 2001 are
estimated from Statistics Canada data. Population growth rates are the last 40
year basin average (Lake Champlain Atlas) exceptlaigher rate was applied to
Shelburne Bay. All land use areas were calculateddm Hegman et al. (1999) Table
4.8. All values in this table are considered in th®EI model to represent conditions
that existed around the year 2000, i.e., current calitions or time O conditions.

Parameter Units Main Lake Shelburne Bay | Missisquoi Bay
10,000 (USA)
Population no. people 204,860 20,000 24,000 (CAN)
Population 1.2 (USA)
growth rate %/year 1.2 2.4 1.2 (CAN)
37,540 (USA)
Agricultural land ha 49,180 6,600 39,230 (CAN)
113,530 (USA)
Forest land ha 419,680 5,580 79,350 (CAN)
8,490 (USA)
Urban land ha 35, 390 4,130 6,150 (CAN)

C. Phosphorus inputs directly from the watershed

In the PEI model, the sources of phosphorus thtdreany given lake segment is limited to
surface runoff from the contiguous watershed (namntp sources) and discharges from
wastewater treatment plants in the watershed (jgointces).

There are three fluxes of non point source TP inpud modeled lake segment (e.g. separate
inputs from the forested, urban and agriculturaidlaareas in the watershed). The model
computes each individually according to equation 4.

NPS TP flux = TP Export Coeff. * Land Area Eq. 4

where:
NPS TP flux = TP flux into lake segment for aeggiMand use (kg TP/year)
TP Export Coeff = TP export coefficient calcuthfeom or taken directly
from Hegman et al. (1999) (kg TP/halyear) (theey be different
values for the various land uses for differeatersheds)
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Land Area = the initial area of land within ag@ivland use type, either forest,
agriculture or urban (hectares). Because of jatdipm change over
time land areas within the three use categchasge.

The initial values of the TP Export coefficient erd into the PElI models are summarized in
Table B-2. These values represent, in the PEI mandetent conditions of TP export for the
different land uses in the watersheds. The valfi¢isese TP Export coefficients can be changed

at any time to simulate the implementation of BMIRat reduce erosion and/or enhance nutrient
management.

Table B-2: The TP export coefficients for the diférent land uses for the
Main Lake, Shelburne Bay and Missisquoi Bay lake ggment watersheds.
These values were taken directly from Hegman et a(1999) or are average
area weighted values calculated from the data of Hgnan et al. (1999). In the
PEI model these values define the current or initieconditions in the

watersheds.
Parameter Units Main Lake Shelburne Bay | Missisquoi Bay
Agricultural TP 1.73 (USA)
Export Coefficient kg TP/halyr 0.42 0.42 1.63 (CAN)
Urban TP 1.5 (USA)
Export Coefficient kg TP/halyr 1.5 1.5 1.5 (CAN)
Forest TP 0.04 (USA)
Export Coefficient kg TP/halyr 0.04 0.04 0.04 (CAN)

Phosphorus is also input to a modeled lake segmethie point source discharges originating
from within the watershed. These are wastewatatrtrent plant discharges and septic system
discharges. The PEI model computes the input TPffam treatment plants as per equation 5.

WWTP TP flux = K*Population*% Sewered WWTP fliwapita* Effl. TP Std. Eq. 5

where:

WWTP TP flux = point source TP flux entering ladegment from
wastewater treatment plant discharges (kg TP/yea

K = a constant to allow for adjustment of units

Population = population of watershed at any piwiriime (no. people)

Frac. Sewered = fraction of watershed populatian is sewered thus
contributing to wastewater flow (dimensionless)

Effl. TP Std. = the legally mandated standardT®rconcentration of
wastewater treatment plant effluenig (TP/L)

WWTP Flow/capita = per capita wastewater avefbye (gallons/day)
model uses 120 gpd)

The PEI computes the input TP flux from septic esystlischarges as per equation 6.
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SepSys TP flux = K*Population*(1-%Sewered)*WWTFRw/capita*SSysDrain TP EQ. 6

where:

SepSys TP flux = point source TP flux enteriskel segment from septic
system discharges (kg TP/year) This flux isagfly quite small in
comparison to treatment plant discharges.

K = a constant to allow for adjustment of units

Population = population of watershed at any piwiriime (no. people)

1 -Frac. Sewered = fraction of watershed popareatinat is not sewered thus
contributing to septic system flow (dimensiosles

SSysDrain TP. = an estimate of the TP concentrageptic system drainage
dischargesug TP/L)

WWTP Flow/capita = per capita wastewater avefbye (gallons/day)
(model uses 120 gpd)

Additionally, phosphorus enters a lake segmenttduiés hydraulic connectivity with adjacent

lake segments. Some lake segments may be conrtectegny other segments (the Main Lake
segment), some to only one other segment (the 8djgsi Bay segment). Regardless the input
TP fluxes are associated with exchange flows anddwective flows. In both cases, the TP
fluxes is computed by the model as per equatioasd/8. One such calculation is made for each

exchange and advective flow input.

Adv TP Input=a * Adv Flow * TP Conc; Eq. 7

where:
Adv TP Input= advective input flux of TP to the lake segmennterest from
segment i (kg TP/year)
a = a constant to allow for adjustment of units
Adv Flow = constant advective flow into the lake segmentficonnected lake
segment i (cu. hm/year)(from Smeltzer 1999)
TP Conc; = the concentration of TP in the ith lake segnagnime 0. g TP/L)
and
Exch TP Input= a * Exch Flow* TP Conc; Eq. 8
where:
Exch TP Input= exchange input flux of TP to the lake segmenntarest from
segment i(kg TP/year)
a = a constant to allow for adjustment of units
Exch Flow = constant exchange flow into the lake segmemb ftonnected lake
segment i (cu. hm/year) (from Smeltzer 1999)
TP Conc; = the concentration of TP in the ith lake segnatrnime 0.

(Mg TP/L)
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The advective flow inflows and exchange flows usedhe PEI models of the Main Lake,
Shelburne Bay and Missispuoi Bay lake segmentswarenarized in Table B-3. Initial TP levels
for each lake segment involved in the PEI model matations are summarized in Table B-4.

Table B-3: Summary of average annual advective fl@ and exchange flow
inputs for the Main Lake, Shelburne Bay and Missispoi Bay lake segments.
All values were taken from Smeltzer et al. (1999 hese values remain
constant throughout all PEI model simulation runs.

Missisquoi
Parameter Units Main Lake Shelburne Bay Bay

Advective Inflows
1. fr. Burl Bay hm3/year 9 X X
2. fr. Cmbld Bay hm3/year 950 X X
3. fr. Malletts Bay hm3/year 1315 X X
4. fr. Shelb Bay hm3/year 79 X X
5. fr. So. Lake hm3/year 3515 X X
Exchange Inflows
1. Btwn Burl Bay

& Main Lake hm3/year 2986 X X
2. Btwn Cmbld Bay &

Main Lake hm3/year 8672 X X
3. Btwn Isle LMtte &

Main Lake hm3/year 8861 X X
4. Btwn Malletts Bay

& Main Lake hm3/year 272 X X
5. Btwn Shelb Bay &

Main Lake hm3/year 4816 4816 X
6. Btwn So. Lake &

Main Lake hm3/year 49427 X X
7. Btwn Miss Bay &

NE Arm hm3/year X X 297

Based on equations 4 to 8 using the values in $aBl2 to B-4, the PEI models estimates the
input loads of TP of non point sources, point sesrand advective and exchange inflows for the
Main Lake, Shelburne Bay and Missisquoi Bay lakgnsents. These estimates are summarized
in Table B-5.
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Table B-4: The initial water column TP concentratians for those lake segments
contributing advective and exchange flows to the Ma Lake, Shelburne Bay
and Missisquoi Bay lake segment PEI models. In tHeEl models these values
define current conditions and, except for the MairLake, Shelburne Bay and

Missisquoi Bay lake segments, remain constant thra@out all PEI model runs.
These values were derived from data in the 1992 jaostic Feasibility Study.

Lake Segment Units Value
Main Lake ug TP/L 11.79

Burlington Bay ug TP/L 13.34
Cumberland Bay ug TP/L 13.57
Isle LaMotte ug TP/L 12.10
Malletts Bay ug TP/L 9.35

Shelburne Bay ug TP/L 15.09
South Lake ug TP/L 14.58
Missisquoi Bay ug TP/L 44.90
North East Arm ug TP/L 14.23

Table B-5: Input loadings to the Main Lake, Shelbune Bay and Missisquoi
Bay lake segments as computed by the PEI models. 88 loadings are for
time 0O, the estimated current loading conditions. Aunits are kg TP/year.

Parameter | Main Lake | Shelburne Bay| Missisquoi Bay
Non point TP inputs
1. fr. Agricultural lands 20,650 2,770 63,940 (USA)
64,950 (CAN)
2. fr. Urban lands 53,090 6,190 12,740 (USA)
9,230 (CAN)
3. fr. Forest lands 16,790 220 4,530 (USA)
3,170 (CAN)
TOTALS 90,530 9,180 158,560
Point source TP inputs
1. fr. WWTPs 11,680 1140 570 (USA)
1,370 (CAN)
2. fr. Septic systems 380 40 20 (USA)
40 (CAN)
TOTALS 12,060 1,180 2,000
TOTAL INPUT LOAD 102,590 10,360 160,560
FROM WATERSHED
Advective flow inputs
1. fr. Burl. Bay 120 X X
2. fr. Cumb. Bay 13,390 X X
3. fr. Malletts Bay 2,540 X X
4. fr. Shelb. Bay 1,190 X X
5. fr. So. Lake 51,310 X X
TOTALS 68,550 0 0

182



Exchange flow inputs
1. fr. Burl. Bay 39,830 X X
2. fr. Cumb. Bay 122,180 X X
3. fr. Isle La Motte 107,220 X X
4. fr. Malletts Bay 12,300 X X
5. fr. NE Arm X X 350
6. fr. Shelb. Bay 72,680 X X
7. fr. So. Lake 720,650 X X
8. fr. Main Lake X 56,780 X
TOTALS 1,075,040 56,780 350
TOTAL INPUT LOAD 1,177,630 67,140 160,910
FOR SEGMENT

When model estimates of total loading from contigaiovatersheds (nonpoint source + point
source) are compared to loading estimates from Medad Smeltzer (2004) (Table B-4)
differences are seen. The PEI model estimates gdel® and Smeltzer are 100.7 mt/yr vs 230.9
mt/yr,10.4 mt/yr vs. 5.1 mt/yr and 160.6 mt/yr \8914 mt/yr for the Main Lake, Shelburne Bay
and Missisquoi Bay lake segments, respectively.s&hthree lake segments are strikingly
different with regard to their source of phosphanysut; in Missisquoi Bay essentially100% of
the total input load comes directly from the wateid whereas only about 15% and 8% of the
total input loads comes directly from the ShelbuBsy and Main Lake segment watersheds,
respectively.

D. Phosphorus outputs from the lake segment

In the PEI model phosphorus is output from the Is&@ment in advective and exchange flows.
The value of these TP output fluxes is calculateger equations 7 and 8 except that the TP
Cong term is replaced by the lake segment water coldiinconcentration as calculated by

equation 3 in the PEI model. Thus, the values eke¢houtput fluxes change over time in

proportion to change in the TP concentration in ledee segment. The time O advective and
exchange TP outflows from the Main Lake, ShelbuiBag and Missisquoi Bay lake segments as
estimated by the PEI model are summarized in TRige
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Table B-6: Summary of average annual advective fle and exchange flow outputs

for the Main Lake, Shelburne Bay and Missispuoi Bayake segments. The values in

this table are for time 0 and represent currrent caditions as calculated by the PEI
model. Calculations are based on flow rates from Settzer et al. (1999).

Parameter Units Main Lake Shelburne | Missisquoi Bay
Bay
Advective Outflows

1. fr. Main Lake hm3/year 9402 X X

2. fr. Miss Bay hm3/year 2039 X X

3. fr. Shelb Bay hm3/year 79 X X

Exchange Outflows

1. Btwn Burl Bay & hm3/year 2986 X X
Main Lake

2. Btwn Cmbld Bay hm3/year 8672 X X
& Main Lake

3. Btwn Isle Lmtte & hm3/year 8861 X X
Main Lake

4. Btwn Malletts Bay hm3/year 272 X X
& Main Lake

5. Btwn Shelb Bay & hm3/year 4816 4816 X
Main Lake

6. Btwn So. Lake & hm3/year 49427 X X
Main Lake

7. Btwn Miss Bay & hm3/year X X 297
NE Arm

E. Phosphorus cycling or internal loadings

Phosphorus is continually being exchanged betwbenwater column and the lake bottom
sediments. In some lake segments this exchangebmayvery significant factor in how water
column phosphorus levels change over time in respdao management while in other lake
segments it is not. Phosphorus is removed fromwher column when phosphorus-laden
particulates settle to the sediments on the bottbthe segment. The velocity of particle descent
is controlled by particle size, shape and dengigter viscosity and the level of water turbulence
through which the particle settles. Large, denseigies (sand) settle rapidly; small dense
particles (silt and clay) settle slowly as do partates of organic debris. Internal water column
turbulence from seiches, seasonal turnovers and waation reduce this settling velocity. In
shallow segments like Missisquoi Bay, wind indutedbulence and turbulence from boats usage
is likely an important factor influencing particteasettling. HydroQual, Inc. (1999) lists
numerous phosphorus sedimentation rates that wessured in the late 1990’s for various
locations in Lake Champlain. Table B-7 summarizexsé¢ values reported for the Main Lake,
Shelburne Bay and Missisquoi Bay lake segments.
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Table B-7. Summary TP sedimentation rates and estiated TP sedimentation
fluxes for the Missisquoi Bay, Shelburne Bay and Ma Lake lake segments
(HydroQual, Inc. 1999).

Lake Segment | TP Sedimentation Rates| Est. Sedimentation Flux of TP****
Units Value Units Value*** % of Total Input Load
from Watershed
Missisquoi Bay g TP/sq. mlyr| 1.09* kg TP/yr 98,030 61
Main Lake g TP/sq. m/yr 1.138** kg TP/yr 323,030 610
Shelburne Bay g TP/sq. mly 0.78*** kg TP/yr 10,950 321

* (avg. of Sta’s. 48, 50, 51, 52), ** (froSta.19), *** (from Sta. 21)
**** calculated as the product of TP sedintation rate and lake segment surface area

The phosphorus sedimentation rates in Table B-esept but a snapshot in time. In Missisquoi
Bay, the estimated sedimentation flux of TP is Gif%he total input TP load from the watershed
and because the total input TP load from the wagelrss essentially 100% of the total TP input
flux to the segment, this suggests that the phlsicaracteristics of Missisquoi Bay allows
around 40% of the entering phosphorus (the solplhtsphorus and smaller particulates) to pass
through. Because this sedimentation is occuringnatgned in dilute suspension, changes in the
input TP loading to the Bay would not be expectedhange the proportion of the entering TP
that passes through the Missisquoi Bay lake segment

However, this logic appears to be inappropriatettier Shelburne Bay and Main Lake segments
because of their high degree of hydraulic connégtio adjacent lake segments. In both cases
the estimated sedimentation flux of TP exceedstaks input TP load from their contiguous
watersheds indicating that TP in suspended sedsmanthe advective and exchange inflows
settle out along with some undetermined fractiorihef TP loads from the watersheds. Under
these conditions it appears likely that the physateracteristics of these two lake segments
would allow continued settling of TP at rates tldtange little even when management
implementations might alter the TP inputs from wegershed. Thus, in the PEI models for the
Main Lake and Shelburne Bay the rate of input adgpiorus settling to the sediment remains
constant aébout the current levels in Table B-7.

At the same time phosphorus settles to the botdmeents, the phosphorus trapped in these
sediments moves back into the water column viaagtlthree pathways. (a) Some macrophytes
grow by taking up phosphorus through their rooacttires, with most being incorporated into
plant biomass while some may be leached from thetplirectly into the water column. When
the plant dies and ultimately decays some of thissphorus then may enter the water column
while the remainder is reincorporated back as deimtio the sediment. There a few data to
guantify this pathway for Lake Champlain. (b) Sopi®sphorus in the sediment resides in the
interstitial pore waters and may diffuse upwara itite water column. Diffusion always moves
phosphorus from areas of high concentration (sedirpere water) to lower concentrations
(water column). Diffusion rate is directly propartial to the magnitude of the concentration
gradient, however, these rates are substantiaflyeimced by dissolved oxygen levels in the
sediment, sediment chemistry, animal burrowing lapdurbulence levels at the sediment-water
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interface that can modify the gradient. In lakessstems diffusion and diffusion-like processes
are complex and not completely understood. (c) Lladéom sediments are matrices of smaller
particulates that form a mucky and somewhat fluffgss with little internal structure. Water

turbulence at the sediment-water interface carupisthis matrix to resuspend particles in the
water column, a phenomenon that is likely more irtgpd in shallow lake segments such as
Missisquoi Bay than in deeper lake segments.

HydoQual, Inc. (1999) studied the rates of diffiisand resuspension of phosphorus from Lake
Champlain sediments to the overlying water coluffiheir data make it difficult to assess
differences among the various lake segments, hawthasr overall lake-wide average soluble P
sediment to water exchange rate is 1.03 g TP/sq.(8 +/- ~50%) (HydoQual 1999, Table
VII-4). Since this rate accounts for only solublepphorus, actual prevailing rates would likely
be somewhat higher to account for resuspension of particulate phosghorhis diffusion rate
defines the conditions that existed only at timenglasurement and can change as the character
of the sediment changes. Generally, the rate dugidn is directly related to amount of
phosphorus in the sediment given similar leveldis$olved oxygen and sediment chemistry.

The algorithms in the PEI models describe phosghoyeling from the lake bottom sediments
to the water column require the input of severabpeeters including: active depth of sediment
from which phosphorus moves into the water coluthe,bulk density of the bottom sediments,
the initial TP assay of the sediments and a ratstant defining what fraction of the sediment
phosphorus mass moves into the water column eah lpeour models an active sediment depth
of 150 cm (about 6 inches) was assumed as weresalithin reported ranges (HydoQual 1999)
for bulk density and sediment TP assay. The modeiptited the mass of phosphorus in the
sediment layer based on the values assigned t@ thasameters. The mass of TP in the
sediments was then divided into the average ratehath soluble P was exchanged from the
sediment to the water column yielding an estimét@noexponential rate constant (the fraction of
TP in the sediment that moves into the water colypemyear). This calculation was carried out
for each lake segment. These values of this ex@&heatg constant are summarized in Table B-8.
The values used in the PEI models were higher thase calculated in order to achieve
calibration, however, these higher values may atsount for resuspension effects.

Table B-8: Summary of parameters used in the PEI naels to calculate the
flux of phosphorus that moves from the lake segmeittottom sediments to
the overlying water column.

Parameter Units Main Lake | Shelburne Bay | Missisquoi Bay
Sediment Bulk glent 400 700 500
Density*
TP Assay of mg TP/g 1.00 1.50 1.02
Sediment
Sediment Depth cm 150 150 150
Yearly % of sediment % yr-1
TP exchanged to
water column
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a. calculated as per text above 0.17 0.12 0.13

b.used in PEI models 2.16 2.16 1.44

*reported range for the lake is 156 to 55Tj/(HydoQual1999)

F. Model calibration and sensitivity assessments.

Each PEI model was calibrated so that the timelQevaalculated by the model matched the
average TP value for the lake segment derived 880 - 2000 monitoring data. These values
are 11.79ug TP/L, 15.09ug TP/L and 44.9ug TP/L for the Main Lake, Shelburne Bay and

Missisquoi Bay, respectively, and serve as thdistapoint for all trend lines generated by the

models. During calibration all TP inputs from thatershed and advective and exchange flows
remained constant at levels determined by TP expuefficients, land areas, advective and

exchange flow rates and average TP concentratibriieovarious lake segments. Only the

parameter values of (a) sediment depth, (b) sedifiPnassay, (c) sediment bulk density, (d)

fraction of input TP that settles out and (e) yeatrcent of sediment TP that enters the water
column were changed. Values for these parametars adgusted so that, within the 5 parameter
set, each value fell as close as possible to vdtoes the literature (as discussed in the above
sections of this Appendix). Calibration was achtewvehen the time O water TP concentration

computed by the model closely matched the averafyefrom monitoring data. More than one

set of values for these parameters can lead to swlibration; we chose a set of values that
appeared to fairly represent reported known cumrentlitions in the lake segments.

The PEI model for the Missisquoi Bay lake segmsrgmployed here to show the sensitivity of
a primary model output, the TP concentration of Missisquoi Bay waters, to change in
selected input parameter values. For each semgitivialysis four simulation runs were made,
one for each of four different values of the inpatameter. These values ranged generally from
about -100% to +170% of the calibrated value. T t0 water TP concentration computed in
each simulation run was then compared to the aeer&gconcentration of 448y TP/L derived
from water quality monitoring data that defines theial, or current, TP concentration of the
Bay waters.

A total of five sensitivity analyses were conductede for each of the following parameters.
They are:
(a) the depth of sediment through which activeudiién is assumed to occur,
(b) the average TP assay of the sediments on thenbof the lake segment,
(c) the average bulk density of the sediments erbtittom of the lake segment,
(d) fraction of the TP inputs from the watersheat tettle out upon entry into the lake
segment
(e) the yearly percentage of the TP in the sediriaitenters the water column via
diffusion and resuspension.
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The results of these sensitivity analyses are showirigure B-2, a plot of % change in TP
concentration vs. the % change made in the inpainpeters. On this figure all plots run through
coordinate 0,0, the point at which the model isbcated. At this point the calibrated values of
the input parameters are input and the model cosspauflTP concentration of 44.g TP/L, the
time O calibrated value for Missisquoi Bay. At ather points along each plot the value of a
particular input parameter is changed, as indichietgber cent change in model parameter’ and
the model then computes a value of TP concentrasorepresented by ‘per cent change in TP
concentration’.

PEI| Model Sensitivities
100§ -
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Figure B-2: Summary of the sensitivity of the TP oncentration in Missisquoi Bay
waters as calculated by the PEI model over a rangd#f model parameter values. At
the 0,0 coordinate, the model is calibrated to cuent conditions.

These analyses indicate that the calculated TPecwrations are directly related to the values of
sediment depth, sediment TP assay, sediment buikitgeand percentage of sediment TP

exchange. For all these parameters a 10% increzmdty in about a 5% increase in TP

concentration. The calculated TP concentratiomasyever, inversely related to the fraction of

the TP from the watershed that settles out, thatli®n more TP settles out less is in the water.
A 10% increase in settling results in about a S%rekese in TP concentration.
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G. Input Parameters for the PEI models

A complete listing of the parameters required by BEl models for the Main Lake, Shelburne
Bay and Missisquoi Bay lake segments is given ibl@#8-9. The table includes the units and

the calibration values for each parameter as usggnerate all results presented in the body of
this report.

Table B-9: A complete listing of all the parametes that must be defined in the PEI
models for the Main Lake, Shelburne Bay and Missisgpi Bay segments.

checked 2/9/05 Main Lake Shelburne BayMissisquoi Bay
Input Parameters Units Value Value Value
Advective Flows

Burlington Bay to Main Lake hm"3/yr 9 NA NA
Cumberland Bay to Main Lake hm”3/yr 950 NA NA
Main Lake to Isle la Motte hm"3/yr 9402 NA NA
Malletts Bay to Main Lake hm”3/yr 1315 NA NA
Shelburne Bay to Main Lake hm"3/yr 79 79 NA
South Lake to Main Lake hm~3/yr 3519 NA NA
Missisquoi Bay to Northeast Arm hm"3/yr NA NA 2039
Exchange Flows

Between Burlington Bay and Main Lake hm”"3/yr 2986 AN NA
Between Cumberland Bay and Main Lake hm"3/yr 8672 A N NA
Between Isle la Motte and Main Lake hm"3/yr 8861 NA NA
Between Malletts Bay and Main Lake hm”"3/yr 272 NA AN
Between Shelburne Bay and Main Lake hm~3/yr 4816 1648 NA
Between South Lake and Main Lake hm"3/yr 49427 NA AN
Between Missisquoi Bay and Northeast Arm hm~3/yr NA NA 297
Land Use and Land Use Change

Initial Agricultural Land area - Main Lake ha 49180 NA NA
Initial Agricultural Land area - Shelburne Bay ha AN 6600 NA
Initial Agricultural Land area - Missisquoi Bay USA ha NA NA 37544
Initial Agricultural Land area - Missisquoi Bay Can ha NA NA 39228
Agricultural Land Change Fraction - Main Lake dirsiemless 0.5 NA NA
Agricultural Land Change Fraction - Shelburne Bay imahsionless NA 0.5 NA
Agricultural Land Change Fraction - Missisquoi BagA dimensionless NA NA 0.5
Agricultural Land Change Fraction - Missisquoi Bagn dimensionless NA NA 0.5
Agricultural TP export coefficient - Main Lake kdPThalyr 0.42 NA NA
Agricultural TP export coefficient - Shelburne Bay kg TP/halyr NA 0.42 NA
Agricultural TP export coefficient - Missisquoi B&JSA kg TP/halyr NA NA 1.73
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Agricultural TP export coefficient - Missisquoi B&an
*Agricultural TP export coefficient adjustment - MaLake
*Agricultural TP export coefficient adjust- Shellmer Bay
*Agricultural TP export coefficient adjust - Missjisoi Bay
*Agricultural TP export coefficient adjust - Missisoi Bay
Initial Forested Land area - Main Lake

Initial Forested Land area - Shelburne Bay

Initial Forested Land area - Missisquoi Bay USA

Initial Forested Land area - Missisquoi Bay Can
Forested Land Change Fraction - Main Lake

Forested Land Change Fraction - Shelburne Bay
Forested Land Change Fraction - Missisquoi Bay USA
Forested Land Change Fraction - Missisquoi Bay Can
Forestry TP export coefficient - Main Lake

Forestry TP export coefficient - Shelburne Bay
Forestry TP export coefficient - Missisquoi Bay USA
Forestry TP export coefficient - Missisquoi Bay Can
*Forestry TP export coefficient adjust - Main Lake
*Forestry TP export coefficient adjust - ShelbuBsy

USA
Can

*Forestry TP export coefficient adjust - MissisqBay USA

*Forestry TP export coefficient adjust - MissisqBay Can
Initial Urban Land area - Main Lake

Initial Urban Land area - Shelburne Bay

Initial Urban Land area - Missisquoi Bay USA

Initial Urban Land area - Missisquoi Bay Can

Urban Land Area Consumption Ratio - Main Lake
Urban Land Area Consumption Ratio - Shelburne Bay
Urban Land Area Consumption Ratio - Missisquoi BESA
Urban Land Area Consumption Ratio - Missisquoi Ban
Urban TP export coefficient - Main Lake

Urban TP export coefficient - Shelburne Bay

Urban TP export coefficient - Missisquoi Bay USA
Urban TP export coefficient - Missisquoi Bay Can
*Urban TP export coefficient adjust - Main Lake

*Urban TP export coefficient adjust- Shelburne Bay
*Urban TP export coefficient adjust- Missisquoi Ba$A

*Urban TP export coefficient adjust- Missisquoi Bagn
Demographic and Demographic Change

Population - Main Lake
Population - Shelburne Bay
Population - Missisquoi Bay USA
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kg TP/halyr
dimensionless
dimensionless
dimensionless
dimensionless
ha
ha
ha
ha
dimersssn
difoeless
dimensionless
dimensionless
kg THima
kRyHa/yr
kg TP/halyr
kg TP/halyr
dimensionless
dimensionless
dimensionless
dimensionless
ha
ha
ha
ha
haitea
a/cdpita
ha/capita
ha/capita
kg TP/halyr
kg EPyh
kB/halyr
THY/halyr
@insionless
dimensionless
dimensionless

dimensionless

no. people
no. people
no. people

NA
1
NA
NA
NA
419680
NA
NA
NA
0.5
NA
NA
NA
0.04
NA
NA
NA
1
NA
NA
NA
35390
NA
NA
NA
0.18
NA
NA
NA
15
NA
NA
NA
1
NA
NA
NA

204860
NA
NA

NA
NA

NA
NA
NA
7865
NA
NA
NA
0.5
NA
NA
NA
0.04
NA
NA
NA

NA
NA
NA
4125
NA
NA
NA
0.18
NA
NA
NA
15
NA
NA
NA

NA
NA

NA
20000
NA

1.63
NA
NA
1
1
NA
NA
113528
79349
NA
NA
0.5
0.5
NA
NA
0.04
0.04
NA
NA

NA
NA
8491
6153
NA
NA
0.18
0.18
NA
NA
15
15
NA
NA

NA
NA
000



Population - Missisquoi Bay Can no. people
Population Change Rate - Main Lake %lyr
Population Change Rate - Shelburne Bay %lyr
Population Change Rate - Missisquoi Bay USA %lyr
Population Change Rate - Missisquoi Bay Can %lyr
Sewered Fraction of Population - Main Lake dimenksiss
Sewered Fraction of Population - Shelburne Bay deimnless
Sewered Fraction of Population - Missisquoi Bay USA dimensionless
Sewered Fraction of Population - Missisquoi Bay Can dimensionless
Point Source & Subsurface Parameters

Per capita watstewater flow gal/capita/day
Effluent TP Standard - USA mg TP/L
Effluent TP Standard - Canada mg TP/L
TP Conc. of Subsurface Drainage mg TP/L
Lake Segment Characteristics

Surface area - Main Lake ha
Surface area - Shelburne Bay ha
Surface area - Missisquoi Bay ha
Volume - Main Lake Cu. meters
Volume - Shelburne Bay cu. meters
Volume - Missisquoi Bay cu. meters
Sediment average depth - Main Lake meters
Sediment average depth - Shelburne Bay meters
Sediment average depth - Missisquoi Bay meters

**Sediment Bulk density - Main Lake
**Sediment Bulk density - Shelburne Bay
**Sediment Bulk density - Missisquoi Bay
**|nitial TP Assay of Sediment - Main Lake

**|nitial TP Assay of Sediment - Shelburne Bay
**nitial TP Assay of Sediment - Missisquoi Bay

TP Sedimentation Rate - Main Lake
TP Sedimentation Rate - Shelburne Bay
TP Sedimentation Rate - Missisquoi Bay

*TP Resuspension Rate constant- Main Lake

*TP Resuspension Rate - Shelburne Bay
*TP Resuspension Rate - Missisquoi Bay
Water TP standard - Main Lake

Water TP standard - Shelburne Bay

Water TP standard - Missisquoi Bay
Initial TP Concentrations

Initial Main Lake TP Conc.

kg/cu. meter
kg/cu. mete
kg/cu. reet
mg TP/Hgy weight
mig/kg dry weight
nidp/kg dry weight

g TP/yr/m"2 water

g TP/yrimagew
fractiomnpiut TP
%/m&stiment P
%/monthreemt P
%/monthirBedt P

micro-gms TP/L

micro-gms TP/L
micro-gms TP/L

micro-gms TP/L
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NA
1.2
NA
NA
NA
0.43
NA
NA
NA

120
0.8
NA
0.02

41414
NA
NA
16787*10"6
NA
NA
0.15
NA
NA
40
NA
NA
1000
NA
NA
1.138
NA
NA
0.18
NA
NA
10
NA
AN

11.79

NA
NA
2.4
NA
NA
NA
0.43
NA
NA

120
0.8
NA
0.02

NA
962
NA
NA

140*10"6

NA

NA

15 0.

A N
NA

700
NA

NA
1500

NA

NA

0.8
NA
NA
0.18
NA
NA
14
NA

11.79

oea
NA
NA
1.2
1.2
NA
NA
0.43
0.43

120
0.8

.020

NA
NA
8994

NA
NA
205 *10"6
A N
NA
0.15
NA
NA
500
NA
NA
1020
NA
NA
0.65
NA
NA
0.12
NA
NA
25

NA



Initial Burlington Bay TP Conc.

Initial Cumberland Bay TP Conc.

Initial Isle la Motte TP Conc.

Initial Mallettes Bay TP Conc.

Initial Shelburne Bay TP Conc.

Initial South Lake TP Conc. (Otter Creek)
Initial Missisquoi Bay TP Conc.

Initial Northeast Arm TP Conc.

Notes* TP export coeff adjust to emulate changed
Levels of BMPs. ** primary parameters used iodwl
calibration
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micro-gms TP/L

micro-gms TP/L

micro-gms TP/L

micro-gms TP/L
micro-gms TP/L
micro-ghiy/L
micro-gms TP/L
micro-gms TP/L

13.3
8.5
12.1
9.35
15.09
14.58
NA
NA

NA
NA
NA
NA
15.09
NA

NA

NA
NA
NA
NA
NA
NA
44.9
14.23
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