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EXECUTIVBUMMARY

Under the 201Zreat Lakes Water Quality Agreeme@LIVQA Canada and thenited Statesagreed

to use an Adaptive Management (AM) approach for addressing eutrophication issues in Lake Erie. The
Binational Annex 4 (Nutrients) Subcommitisemmitted to conductinevaluation every 5 years to

assess changes in phosphorus loads and progress towards achiakingcosystem Objectives (LEOS)
and make recommendations for improving binatioAl efforts.

Table ESL. Focus of 5Year BinationalAM Evaluation

Track changes in phosphorus loads to Lake Erie.

Assess Hhake response of harmful algal blooms (HABS), hypoxiaCtatbphorao
changes in nutrient loads and measure progress towards achieving LEOSs for L&
Erie.

1 Provide evidencéased recommendations to the Annex 4 Subcommittee regardi
research, modeling, and monitoring activities that would improve our ability to
assess progress over time

This report covers the-gear period from 2012021 and presents the first Binational AM Evaluation
conducted since the binational phosphomesiuction targets were adopted by Canada and the United
States in 2016 and nutrient management domestic action plans (DAPsS) were put in place in 2018. This
binational AM effort focuses on assessing phosphorus loading da#lérresponse (Table Bp These
findingsinform DAPsandthe complementary domestied assessmerston the effectiveness of
watershedbased nutrient management efforts to reduce phosphorus loads to the lake.

The 5year Evaluation relied on several informatieourceso assess conditions in Lake Erie, including
issuefocusedworking groups formed to support the Lake Bvigrients AnnexAM effort. This approach
helped ensure that the evaluation benefited from information and expertise available from Canadian
and U.S. federaprovincial/state, and local agencies, and academic partriéag.findings and
recommendations are summarizéar each area of focuselow. Additional data and figures can be
found in the main report.

Changes in Phosphorus Loads to Lake @204.72021)

For this evaluation, ECCC and EPA estimated annual and seasonal phosphorus loads using data collected
by federal, state, provincial, local agencies, and universities. These data were analyzed to assess changes
in phosphorus loads during they®ar period,considering the three load reduction targets for Lake Erie,

which areexpressed in terms of reductions from 2008 lo§tiable ES).

Table ES. Binational Phosphorus LodeductionTargets for Lake Erie

1 To maintain cyanobacteridiomass at levels that do not produce concentrations
toxins that pose a threat to human or ecosystem health in the waters of the
western basin of Lake Eriex 40%reduction in spring totapbhosphorus (TRInd
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soluble reactive phosphory$SRPJoads from the Maumee River in the United
States

1 To maintain algal species consistent with healthy aquatic ecosystems in the
nearshore waters of the western and central basins of Lake Exid0% reduction in
spring TP and SRP loads from the following watersheds where algae is a locali
problem: in Canada, Thames Rijvard Leamington tributaries; and in the United
States, Maumee River, River Raisin, Portage River, Toussaint Creek, Sandysky
andHuron River (Ohio).

9 To minimize the extent of hypoxic zones in the waters of the central basin of La
Erie:a 40% reduction in TP entering the western and central basins of Lake Erie
from the United States and from Canad# achieve an annual load of 6,06tric
tons (MT) to the central basin. This amounts to a reduction from the United Stat
and Canada of 3,31 T and 212MT respectively.

9 Target:A 40% reduction in spring TP and SRP loads from the Maumee River in the United States

Maumee River sprinfMarch through JulyJP loads ranged from 1,049 to 2,042 MT, exceeding
the target load of 860 MT in every year during thgear evaluation period (Figure #p Spring
SRP loads closely mirrored TP loads, ranging fr&@mc2399 MT, and exceeded the target load
of 186 MT in every year during theygar period. Yeato-year changes in spring TP and SRP
loads largelyorrelated withchanges in spring discharge.
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Figure ES. Spring total phosphorus load to Lake Erie from the Maumee River for water
years 200§ 2021, including comparison to target load (red line) and total spring
discharge (blue line).

1 Target:A 40% reduction in spring TP and SRP loads from priority watersiteds algae is a
localized problem

For the two watersheds with the largest average sp(March to JulyYP load (Maumee River
and Sandusky River), TP and SRP target loads were not met in any year-gédnealuation
period. Target loads were met for at least one year in two smaller priority watersheds (Portage
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River and River Raisin). Loads largelyelatedwith spring discharge, with lowest loads
occurring in lowdischarge years. Limited sampling frequency in spnaxity watersheds
complicated load estimation efforts.

1 Target:A40%reduction inTPentering the western and central basins of LakeEfiem the
United States and from Canad#&o achieve an annual load of 6,06@tric tons to the central
basin

The TP annual loading target was not met in any year during-treabevaluation period

(Figure E). Annual TP loadaried from yeatto-year andwas highly correlated witthe

discharge from major tributaries. Nepoint sources accounted for most of the annual TP load to
the central basin.
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Figure EQ. Annual total phosphorus load to the central basin of Lake Erie by loading
source, including comparison to target load (red line) and total spring discharge (blue
line).
In summary, phosphorus load reduction targets were rarely met durin4ear evaluation period
load reductions were difficult to discerandloads continue to be largely driven pyecipitation (e.g.,
rain events) andlischarge, which is highly variable from yéatyear. Tlesefindings are largely
expected at this early stagé expanded phosphorus reduction efforts and considering the influence of
recent discharge amounts and patterns

LakeConditionsand Progress Toward Achieving LEOs

TheBvaluation considered lake conditions associated with each of the nuiredated LEOs for Lake
Erie(Table ES).

Table ES3. Binational NutrientRelated Lake Ecosystem Objectives (LEOs) for Lake

1 Minimizethe extent of hypoxic zones in the waters of the central basin of Lake E

1 Maintain the levels of algal biomass below the level constituting a nuisance
condition, with a focus on benthic macroalgae in the eastern basin of Lake Erie.
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1 Maintainalgal species consistent with healthy aquatic ecosystems in the nearsh
waters of the western and central basins of Lake Erie.

1 Maintain cyanobacteria biomass at levels that do not produce concentrations off
toxinsthat pose a threat to human or ecosystem health in the waters of the west
basin of Lake Erie.

1 Maintainmesotrophic conditions in the open waters of the western and central
basins of Lake Erie, and oligotrophic conditions in the eastern basin of Lake Eri

The evaluatiomssessed LEOs with defined quantitative objectiredudinginterim Substance
Objectives from the 2012 GLWQA and eutrophication response indicators, (&Rés¢ available
(hypoxia, cyanobacteria biomass, and trophic condition LEEOs) EOs without established quantitative
objectives (nuisance benthic algae, nearshore algal species), relevant metrics were assessed for
evidence of recent change.

9 Trophic Conditiong; Open water spring TP concentrations and summer chlorophyll a
concentrations in the western basin were above associated Substance Obijectives of 15 ug/L for
TP and 3.6 ug/L for ¢hl meaning the waters were in ranges indicative of eutrophic conditions,
not the objective of mesotrophic conditions. Open water spring TP concentrations in the central
basin were above the Substance Objective, but within a range indicative of mesotrophic
conditions. Open water summer chlorophyll a concentrations in the centrath base
indicative of oligemesotrophic conditions. Open water spring TP concentrations and summer
chlorophyll a concentrations in the eastern basin were near the Substance Objectives of 10 ug/L
for TP and 2.6 pg/L for chl and, combined, were indicatiwd oligomesotrophic conditions.

Overall, concentrations of TP and-ehlvere highest and most variable from ydaryear in the
western basin, and from 20172021 all three basins were within the range of values seen in the
preceding 1220 years.

1 Cyanobacteria/lHABg Thewestern basin algal blooseverityexceeded target levelsn the
National Oceanic and Atmospheric Administratibl®AA Bloom Severity IndefSl) where an Sl
of 2.9 corresponds to the ERI target threshold of 9,600 MT maximudag@vestern basin
average cyanobacteria biomass (FigureSE$he observed Sl ranged from 3 to 8 during the 5
year evaluation periodBlooms in 2017, 2019 and 2021 were moderately severe to severe, and
blooms in 2018 and 2020 were milnvironment and Cliate Change CanadBCCd)loom
severity metricgi.e.,EOLakeWatch, 202produced similar findings.
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Figure ES. Lake Erie bloom severity index (NOAA), 208321, highlighting
assessment period (green shading; adapted from ErieStat).

1 Hypoxia¢ Concentrations of dissolved oxygen in the central basin of Lake Erie exhibited high
interannual variability and met the target threshold average Augegitember hypolimnetic
dissolved oxygen concentration (at or above 2 mg/L) in three of the five yretirs evaluation
period (Figure E8).
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Figure EZ. Average AugusBeptember hypolimnetic DO concentration, 2603021,
highlighting current assessment period (purple shading).

1 Nuisance Algag Benthic dgaebiomass is variable from ye#w-year ands oftenat or above
nuisance conditions at shallow sites sampilethe eastern basinwhereas deeper sites (>3m)
are generally below nuisance conditions. The large interannual variation makes it difficult to
discern trends.
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In summary, Lake Erie continues to exhibit eutrophic conditions as indicated by phosphorus and
chlorophyll a concentrations as well as continued HABs in the western basin. Phosphorus and
chlorophyll a concentrations in the central and eastern basiae relatively stableduring the
evaluation periodand consistent with the associated trophic condition LEO, though central basin
hypoxia remains. Nuisance benthic algae continues to be an issue in the eastern basin.

Recommendations for Improving Ability to Assess Progress

As part of the 5/ear Evaluation, the AM Task Team reviewed information and binational collaborative
efforts conducted under Annex 4 of the GLWQA and developauitoring, modeling, and research
recommendations to support the goals of the nexyé&ar EvaluationThe overarchingecommendations
include:

1 Conduct more formalizednd regularly occurringrocesgsfor developing and testing
hypotheses of loagesponse relationships to help identify key uncertainties

1 Coordinate and strategically expand monitoring efforts to improve capacity to:
o Evaluate lake response to nutrieloading
o Develop and refine ecosystemodels
0 Support improvements in existing monitoring technologies and methods
0 Support development of emerging monitoring technologies and methadd
o ldentify knowledge gaps and inform reseamuiorities.

1 Refine and improve methods and models to better evaluate load and ecosystem response
relationships.

1 Consider expanding ERIs to improve ability to evaluate progress toward achieving LEOs,
accounting for evolving improvements in data coverage qumlity.

See 5.2.2 for mordetails including specifiuggestions pertaining to each component of the evaluation
(trophic status, hypoxia, etc.).

Conclusion

Beyond interannual variability, there is not a clear change in phosphorus loading to Lake Erie over the
2017-2021 period. As expected from the lack of change in phosphorus loading, the objectivekakar in
conditions have not been achieved. This findithgt both loading targets anddlake condition

objectives have not been achieved) should not be interpreted as a lack of progress, because an
observable response in water quality will require significant and sustained reductions in phosphorus
loads. Thee is an expected lag between implementation of best management practices (BMPs) and
observable load reductions from watersheds, and the timeframe for this evaluation was relatively short.
Notably, many eutrophication indicators analyzed here and in othatistuindicate that conditions in

GKS f11S KIgS y2G ¢2NBASYSR Ay NBOSyl &SINE® ! RRA
the broad consensus that phosphorus remains the primary and most manageable driver of HABs and
hypoxia in Lake Erie.

This first 5year Evaluation serves initial assessment of progress and a baseline against which to track
future progress towards our binational goaBignificant efforts are underway in Canada and the United
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States to reduce phosphorus loads to Lake Erie, that, when brought to full scale and given time to be
effective, are expected to prowebenefits of improved Lake Erie water quality and ecosystem hdalth.

is clear that moreitne will be required to reduce loadsd draw dowrexisting, legacy phosphorus from
the system and allow the lake to respond and recover. Climate change will continue to affect discharge
amounts and patterns into the future, thus a key challenge for meeting load reduction targele wall
reduce phosphorus loads despite discharge variability and trends

Meanwhile, significant advancements are being made in our understanding of phosphorus load
response relationships. Enhanced monitoring, modeling, and research continues to refine our
understanding and help identify areas that will require more study. Thedede the role nitrogen and
other factors play in bloom toxicity, relative contribution of sediment and water column processes to
hypoxia, and the significance of loadings from the St.-Olairoit River system. This cycle of knowledge
creation, infornation sharing, and collaboration is the backbone of AM, and will ultimately accelerate
progress toward achieving Lake Erie nutrient related LEOs.
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1 INTRODUCTION

1.1 BACKGROUND

Over enrichment ofutrients resulting in excess algal growtr eutrophicationposes significant
threats toLake ErieHarmful algal blooms (HABSs) have increasirdethe late 1990s low-oxygen(or
hypoxiQ eventscontinue to occuin the central basinand nuisance macroalgae.§.,Cladophorahas
frequentlyfouled beaches and clagpgdwater intakes Total phosphorug TP)andsolublereactive
phosphorug SRPjrom tributarieshas been identified as main driverfor HABsand hypoxa issuesand
contributes tonuisance macroalgagrowth through a series of complex environmental processes

Under Annex 4Nutrients)of the 2012 Great Lakes Water Quality Agreement (GLWQA), Canada and the
United Statescommitted to addressing eutrophication in Lake Erie by establishing Lake Ecosystem
Objectives (LEOSs), phosphorus load reduction targets, phosphorus reduction straaegdiBemestic

Action Plans(DAPs) for nutrient managemer@anada and the tited Statesagreed to use aAdaptive
Management (AM) approach to achieve thEOs

Aformal binational Adaptive Management Framework (AMF) for nutrients in LakésErerseen by

the Annex 4 Subcommitt€eAM Task TeanThis effort requires the application ofonitoring,
modeling, and research 2 S @I f dz2r 6 S GKS 1 1S5SQa NBaLRyaS G2 OKI y:
objective of the AM Task Team is to develop and implement a formal AM process to track progress

towards achieving LEOs for Lake Erie.

This report presents théndings of the BinationadM Task Teamregarding progress made toward
achieving the nutrientelated LEOs for Lake Erieidlib thefirst Binational AM #aluationto be
conducted sincautrient managemenDAPs were put in plada 2018andcoversthe 5year period
from 20172021 The report

1 CGompilesinformation regarding nutrientoads (Section 2)

1 Compiles information regarding lake conditions andlaates signs of progressth respect to
the following:
0 TrophicConditions (Section 3.2)
0 Cyanobacteria/HABs (Section 3.3)
0 Algal Community Composition in Nearshore Waters (Section 3.4)
0 Hypoxia (Section 3.5)
0 Nuisance Algae (Section 3.6)

91 Describes progress in modeling, research, and collaboration (Section 4)

1 Presentsecommencbd priorities formonitoring, modeling, andesearchto support future
binational AM efforts for Lake Eri€Section 5)

The remainder of this section provides information regardifg3 and binationaRM efforts. Sections 2
through5 of the report present the findingsf the 5yearEvaluationandrecommended prioritie$o
supportfuture binational AM efforts for Lake Erie

Binational Adaptive Management Evaluation for Lake Erie (20217) 1



1.2 GEOGRAPHECOPE

The AM Braluationis focused on three key issues (HABs, hypoxianaisdnce alggeandwhere they

200dz2NJ Ay SIFEOK 2F [ 1S 9 NandeasternfFigigd)STheblaldatioff & 0 6Sa i SN
considers the response of the lake ecosystemphosphorudoadingsfrom major tributaries and the

Huron-Erie corridor including Lake St. Clair
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Figurel. Scope of the Binational Lake Erie Nutrient AMF. Study area illustrates the
watershed, location, and bathymetry of each Lake Erie basin and Lake St. Clair (Source:
Environment and Climate Change Canada).

1.3 LAKEECOSYSTEMBJIECTIVERHOSPHORUREDUCTIONARGETANDEJTROPHICATION
RESPONYIEDICATORS

UnderAnnex 4 of the 2012 GLWQA, Canada and thitetd Sates established_EOgo0 guide binational
nutrient management effort§TableES3).

To support these LEOs, Canada anddhiged Statesagreed to establish Substance Objectivisfined

in terms oftarget phosphorus concentrationgor each Great Lake and to develop phosphorus loading
targets and allocations, as required, to meet these Substance Objectives. The 2012 GLWQA included
interim Substance Objectives foPconcentrationan open waterqi.e., 15 g/l as represented by Spring
means irthe Lake Erie western basin, and 1§/l as represented by Spring meanghe Lake Erie
centraland eastern basinsynd interim phosphorus load targets for each of the Great Lakes
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In 2013, the Annex 4 Subcommittee established the Objectives and Targets Task Team to recommend
revisions to existing Substance Objectives and phosphorugdogets for Lake Erie that, if met, would

be expected to achieve the LEOs. Hraal Reporto the Annexd Subcommittee recommended

phosphorus load target®r meeting the LEQ®xpressed in terms of reductions from 2008 loas]
eutrophicationresponsendicators(ERIsand associated thresholdkat couldbe used to evaluate the
response ofhe lake ecosystem toeduced phosphorus load€anada and thenited Statesgreed to

the recommended phosphorus load reduction target2016.

The adopted targets focused on reducing spkixigrch to July)oads of Pand SRP to the western basin
from the Maumee River, reducing spring loading of TP and SRP from priority tributaries, and reducing
annual loading of TP to the central ba@imcludingboth loadingdirectlyto the central basirand the

load to thewestern basinwhich flows into the central basintach of these targets directly addresses a
specific LEO and is expected to contribute to other LEOs, including maintaining the desired trophic
conditions in the three Lake Erie basifiablel describesthe relationships between phosphorus load
reduction targets and Lake Enetrient relatedLEOs.

Tablel. Binational Phosphorus Load Reduction Targaitsl Associated LEQBERI,and
Intended Outcomes

Phosphorus Load Reduction
Target
A 4Q®%reduction in springrP
and SRPads from the
Maumee River in the United
States.

Associated LEO§RIand Intended Outcomes

Primary LEO focud:o maintaincyanobacteria biomass at levels that do not
produce concentrations of toxins that pose a threat to human or ecosysten
health in the waters of the western basin of Lake Erie

ERlandtarget threshold Maximum 3Qday western basin average
cyanobacteria biomass is less than or equal to the bloom biomass observg
Hnnn 2NJ HAMH OXdZcnn ac¢o oz 2F 0

Intended outcomesincluding secondary LE@Iationships: Achieving the
load reduction target will reduce cyanobacteria bloomst-severe levels. It
will also contribute to maintaining algal species composition consistent wit
healthy aquatic habitat in the nearshore waters at the mouth of the Maume
Riverandthe desired trophic status of the western basin.

A 40%reduction in spring TP | Primary LEO focud:o maintain algal species consistent with healthy aquati
and SRP loads from the ecosystems in the nearshore waters of the western and central basins of L
following watersheds where | Erie

algae is a localized problem:
CanadaThames River and
Leamington Tributaries

ERIlIndicator(s)/metric(s) under consideration

Intended outcomes, including secondary LEO relationshifchieving the
load reduction targets is expected to reduce the frequency and severity of
smaller localized cyanobacteria blooms at the mouths of these tributaries.
Reduced loads from western basin tributaries will also hethucefrequency
and severity of western basin HARswill alsohelp maintain desired trophic
status across the basins.

United States Maumee River,
River Raisin, Portage River,
Toussaint Creek, Sandusky
River and HuromRiver

A 40% reduction in TP Primary LEQocus:To minimize the extent of hypoxic zones in the waters o
entering the western and the central basin of Lake Erie

central basins of Lake Ertie
from the United States and

from Canada to achieve an . i . L
annual load of 6,00MT to Intended outcomes, including secondary LEO relationsh#fchieving the

load target willsustain average hypolimnetic oxygen levels during August g

ERIland target threshold Average hypolimnetic oxygen level from August to
September is at or above 2.0 mg/L.
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the central basin. This September at or above 2.0 mgfincrease dissolved oxygen in surface
amounts to a reduction from | sediment,andreduce internal phosphorus loading (release of oxygen from
the United States and Canad| sediment) to thecentral basin It will alsohelp minimize the extent of hypoxic
of 3,316MTand 212MT zones in the central basimprovethe benthic communityhelp maintain
respectively. dedred trophic status across the basin, maintain/imprdighery habitat
improve quality of sourcevater at drinking waterintakesand contribute to
maintaining the levels of algal biomasdde the level constituting auisance
condition

(Source: Binational.net, 2016LWQAANnnex 4 Objectives and Targets Task Team, 2015; GLWQA Annex 4
Subcommittee, 2016; and GLWQA Annex 4 Subcommittee, 2019).

1.4 DARANDBINATIONAAM EFFORTS

In 2018, Canada and thdnited Statessach releasetheir DARBwhich outline localized strategies for

meeting the new targets in specific jurisdictions and watersheds. In Canada, the federal government and
Province of Ontario developed a joint Canddatario Lake Erie Action Plan (LEAP). The U.S. federal
government ad statesof Ohio, Michigan, Pennsylvanind Indiana have developed DAPs (USEPA et

al., 2018). New York State is participating in the U.S. DAP. Each DAP focuses on strategies and actions
that address the phosphorus sources and loads and unique envirdiaireard socieeconomic contexts
associated with the jurisdiction as well as the different roles of federal, provincial/state

municipal/local governments.

DAPs evaluate progress and adapt actions and initiatives to aghi@sphorugeduction targets. DAPs
also include strategies to improve monitoring of phosphorus loads in tributaries and watersheds, invest
in research to improve knowledge and understanding of the effectiveness of phosphorus management
activities (e.g., agriculturélest management practicgsapply models to predict future conditions, and
engage stakeholders on local and regional scales in actions to reduce phosphorus loads. DAPs are
reviewed and updated as appropriate every 5 years.

The binational AM effort operates separatéfgm AM activities conducted domestically; however, both
processes are complementarchieving Lake ErieEO@re dependent orl) domestic phosphorus
reductionactionsachievwng phosphorus reductionrand 2)targeted phosphorus reductiorechieving the
desired inlake responseThe first is being addressed by the domestic jurisdictions with support from
federal agencies, while the second is the focus ofBmational Lake Erie NutrieAMF.

1.5 BINATIONAADAPTIVIMANAGEMENFRAMEWORKNDIMPLEMENTATION

TheBinationalLake Erie NutrientdaptiveManagementramework(AMB outlines the binationaAM
process Theframeworkincludes periodic convening of five technical working grabnps were
established by the AM Task Teaimcludingthree issuefocused working groups (HABs, hypoxia, and
nuisance alggea data and modeling working group, and a loadings workinggraacording to the
AMEF the issuefocused working groupwill bring together experts from binational federal, state, and
provincial agencies and other participating organizationsitorm a Binational AM Evaluation to assess
the ecosystem responseé&igure 2), and tenhancemonitoring plars, prioritize uncertainties, and
identify research questions and hypothes@gorkinggroupswill also conduct a topiocused research
inventory and synthesis to identify gaps and recommend research priciGtigee AM Task Team
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TheAMFspecfies that theAM Task Teamwill conducta Binational AM Evaluation to assess the
ecosystem response. iBreport documents the first such evaluation and includes information
developed by thdoadings, HABs$wisancealgae, anddata andmodelingworkinggroups as well as
information produced by a hypoxia workshop in 20Zhisorganizational structure and function tife
Binational Lake Erie AM Evaluatisrepresented ifrigure2.

In support of Lake Erie Nutrient AM, in general, and the Binatiogabb AM Evaluation, specifically,
the following activities have taken place:

T

Loadingg; The loadings working growgstimatesannual and seasonal phosphorus loads each year
while coordinating with the AM Task Team for reporting and evaluation. This group is comprised of
experts from US and Canadian federal governments.

HABs; TheHABs working groupomprised of & and Canadian federal, state, and provincial
agencies and academic partnelsveloped recommendations for coordinated binational monitoring
for HABs in Lake Erie and Lake St. Dl&021.

Hypoxiag In 2021the Cooperative Institute for Great Lakes Research (ChakE)d a lypoxia

summit, where attendees representing federal, provincial, and state agencies, academic partners,
and other stakeholder groups reviewed the state of the science and assessed approaches for
tracking progressoward reducinghypoxiain Lake ErieDiscussiomotes from thesdzY Y A (G Q &
webinars and breakout roomsere collatedto develop recommendations for monitoring,
guantifying, tracking, and reporting changes in hyppwihich were published in November 2022

Nuisance algae TheCladophoravorking group (formerlyhe EasternBasinTaskTeam) assessed
whether current science is sufficient for development of binational phosphorusCéentbphora

targets in the eastern basin of Lake Efiibe team comprised of subject matter experts and
representatives from federal, provincial, and state agencies as well as other institutions involved in
work in eastern Lake Erie produced a recommendation report in October 2020.

Modelingg The data and modeling working grohprmonizesthe collection and synthesis of data
generated through binational monitoring and research programs, and tethgeinformation to

develop and run lake models to assess nutrient irgemsystem response relationshigshe

working group is comprised of representatives from government agencies and academia, and other
researchers.
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2 PHOSPHORUSADNG TAAKERRIE

2.1 INTRODUCTION

Three phosphorus load reduction targetgere developed by théAnnex 40bjectives and Targets Task
Team(2015)andadopted by the Annex 4 Subcommittee2@16to achieve GLWQIREOs1) spring TP
and SRPadreductions from the Maumee River to address cyanobacteria biomass and associated
toxins in the western basin, 8pring TP and SR#adreductions from priority tributaries with localized
algal blooms, and 3) annual Tdad reductions to the central basin minimize the extent of hypoxic
zones.A40% reduction fron2008 loadswasadoptedbased oran extensive binational modeling effort
Evaluatingorogress towards these reduction target goals requires binational coordinatiorthgth
federal, state/provincial, and locagenciesand universiieswho collect the data needed to calculate
loads across the entire Lake Erie bakmading calculations are conducted anmybl the Annex 4
loadings working group, which provided tHeadsused for thisevaluation.

2.2 PHOSPHORUS®ADS, STATUS ANDRENDS
2.2.1 Spring Phosphorusoads to Western Basin from Maumee River

The Maumee Riverntersthe western basin of Lake Erie, with its watershed located in Ohio, Indiana,
and Michigar(Figure3). It is the largest watershed in the Lake Erie basin (17,0fpdadthe single

largest source of phosphorus loading (mean annual TP loa®28 tetric tons MT) from 2008- 2021).

Land use in the watershed is dominated by agricultarel most ofits TP load comsfrom non-point

sources (91%, though municipalities (e.g., Toledo, OH and Fort Wayne, IN) and industrial development
also contribute point sources (9% of annual TP load).

Figure3. Map of the Maumee River Watershed. Soundékimedia

! Estimatefor both monitored andunmonitored areas of Maumee watershédsed onAnnex 4oadingsworking
group calculations
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The large TP and SRP loads and high concentrations flowing from the Maumee River into the western
basin fuel algal blooms, and several studies have identified the spring Maumee phosphorus load as the
key driver of cyanobacterial biomass in the western thadiLake ErieQfbenour et al.2014, Sumpf et

al, 2016,Scavia et al2016). Based on these findings and a muitbdel study(Scavia et al. 2018he

Annex 4 Objectives and Targets Task Team adopted a 40% reduction target from a 2008 baseline, with
the expected outcome of limiting cyanobacterial biomass and associated toxins. Significant effort has
been directed to the Maumee watershed to reduce phosphorus loads, incliigand programs

created by US federal agencie¢e.g., USDA NRCS 2016b, USEPIA 20a8)and the states of Ohio

(DAR H20hi9, Indiana(DAB, and MichigarlDAR AM Plan.

Phosphorus Load Reduction Target
A 40% reduction in spring TP and SRP loads from the Maumee River in the United States.

Maumee River TP and S§Ringloadsmeasured athe Waterville, OH monitoring locaticare

calculated using data provided by the United States Geological Survey (USGS) and Heidelberg

' YAGSNBRAGEQA blradAz2ylFt /SYGSNI F2NJ 2F0GSN) vdzl £ Ade
LINE RdzOG 2F RIAf & I @SNI 3 ShioBagdaddnedmh&Erient (TP, SRPD{ Q& 2
concentration of o 3 samples collected per day by NCWQR autosamplers slightly upstream of the
USGS gage. Total spring loads for eeater year are calculated by summing the daily loads from March
1¢July 31.

Maumee River Spring TP Loading
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Figure4. Spring total phosphorus load (grey bars) to Lake Erie from the Maumee River

for water years 2008 2021. Red horizontal line is the target load (40% reduction from

2008 baseling and blue line is total spring discharge. Shadedrtarea highlights the
2017¢ 2021 evaluation period.

Maumee River springPloads ranged from ,049 to 2042MT (average=1,528MT) during the &ear
evaluation periodigure44). As in the preceding period, yetr-year changes in spring TP loads largely
correlatedwith changes in spring discharge. The tyearswith the highestspringTP loads (2017 and
2019) had total discharges ovef80 million cubic meters, while the two lowest spring TP loads (2018
and 2021) occurred when total discharge was less th@@®@million cubic meters. The spring TP load
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target of 860 MT was not met in any year from 2017 to 2021, and since 2008 was only met in the two
years with the lowest total spring discharges, 2012 and 2016.

SpringSRRoads closely mirroredP(Figureb). Loads ranged from B8Xo 399MT from 2017to 2021,
with an averagef 284 MT, and followed changes in spring discharge. The spritigugBt load of 186
MT was not met during the-Bear evaluation periodnd was last met in 2016.

Maumee River Spring SRP Loading
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Figure5. Spring soluble reactive phosphorus load (grey bars) to Lake Erie from the
Maumee River for water years 20Q2021. Red horizontal line is the target load (40%
reduction from 2008 baselinggnd blue line is total spring discharge. Shadedrtarea
highlights the 201¢ 2021 evaluation period.

In addition to the specific 40% reduction target adopted in 2016, the Annex 4 Objectives and Targets
¢Fal ¢SIkY NBO2 YVWSgitedSrran adadertratior® W@t tributary mouths should
be used as a benchmark to track progress in load reducéi&WMC is calculated by dividing total load
by total dischargeluring the time period of interestand the 40% load reduction targets correspond to
Maumee RiveFWMC targets of 0.23 mg/L for TP and 0.05 mg/L for BReBe targets have not been

met in anyyear from 2008&; 2021 (Figuress and 7, respectively.
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Maumee River Spring TP Concentration
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Figure6. Spring total phosphoruBWMC(grey bars) of the Maumee River for water
years 200&; 2021. Red horizontal line is the target load (40% reduction from 2008
baseline)and blue line is total spring discharge. Shadedrtarea highlights the 2017
2021 evaluation period.

Maumee River Spring SRP Concentration
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Figure?7. Spring soluble reactive phosphore8/MC(grey bars) of the Maumee River for
water years 2008 2021. Red horizontal line is the target load (40% reduction from
2008 baseling)and blue line is total spring discharge. Shadedrtarea highlights the
2017¢ 2021 evaluation period.

In summary, Maumee River spring TP and SRP loads enhadiave targetsiuring the Syear

evaluation period from 2017 to 2021. Variation in spring loads is closely tied to total spring discharge,
with the smallest loadsccurringin the driest yearsFWMG also remaired above targets for both TP

and SRP.
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2.2.2 Spring Phosphorus Loads from Priority Tributaries

In addition to identifying the Maumee River as the key driver of the large western basin Lake Erie
cyanobacteria blooms, the Objectives and Targets Task Team identified nearshore areas with localized
cyanobacteria blooms and adopted 40% spring TP andesiR€tion targets from 2008 fahose

priority watershedgo reduce the localized bloom#n theUnited Statesthese watersheds include the
Maumee Riverection2.2.1), River Raisin, Portage River, Sandusky River, Huron River (Ohio), and
Toussaint Creek. In Canada, the Thames River and Leamington area watersheds were identified as
priority watershedsSpring priority tributary load calculations and targets are based on measurements
at the monitoring locations, and do not include estimates of loading from areas downstream or adjacent
to the monitored watershed area®ue to limited data collection in 2008 for some tributaries (discussed
further below),reductiontargets have noyet been establishedor the Thames, Leamington, Huron

(OH), and Toussaint Rivers.

Phosphorus Load Reduction Target
A 40% reduction in spring TP and SRP loads from the following watersheds where algae is a localized ¢

United StatesMaumee River, River Raisin, Portage River, Toussaint Creek, Sanduslan®iMerron River
CanadaThames River and Leamington Tributaries

Loads fomost years in most of the .8 priority watersheds were calculated as described in Section
2.2.1for the Maumee River, with discharge data provided by USGS and daily nutrient concentrations
LINE A RSR o0& | SARSft oS NB.aijdCanaotinbktadriés@am years forwhioghd® C 2 NJ
nutrient concentrations were available but not at a daily sampling frequency, the loads were calculated
using theSratified Beale Ratio Estimator (SBBEale, 1962, Dolan et al., 1981, Tin, )36&t has been
used in prior loading estimates for Lake Erie (Maccoux et al., 200¥3ars when limited nutrient
concentration measurements were available (e.g., during the CQ¥liandemic), discharggased
regression was used to calculate loalsr US watersheds not monitored by NCWQR, concentration
data were provided by USGS or OBimvironmental Protection Agen¢gPA)Data for Canadian
watersheds were collected by Environment and Climate Change Cé@a@@4)nd various conservation
authoritiessuch as Essex Region Conservation Authority (EER@Apwer Thames Valley Conservation
Authority (LTVCAhroughthe Ministry of the Environment, Conservation and PEMM&ECP)

Table2 presentsmean spring TP and SRP loads from 202021, the number of years during the-5
year evaluation period where load reduction targets were paeidthe relative trends (% per year
compared to baseline year) in loads and FWk&G 2008- 2021 It is important tonote potential
limitationsfor interpretingchanges tahe actual loadsomputed by the Annex 4 loadisgorking
group. First, actual loads are strongly influendmddischargeand variability in discharge can mask
other changesAdditionally most trend analyses make assumpti@mut the type of change (e.g.,
constant linear trend over the time period analyzed) which may not megatity if, for example,
implementation of management practices changegrtime. Finally,as a result ohigh yearto-year
variability, 10 or moreyears ofdatamay be needed taiscerntrends or changewith certainty.

Despite these complicationanalyzingchangesn loadsis importantfor determiningif Lake Erie is
responding as expecte&or this Evaluatiarthe ThielSen slopavas computedor all availableactual
loads and FWM&from 2008¢ 2021 andeach slopavasnormalizedby the firstyea@ & @oF t dzS
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determine the percent change per year. This relative index of change can be compared across
tributaries, and along with flonnormalized loads for the Maumee Riv&e¢tion2.3.1), provides a
starting point forevaluating changes to loads that can be repeated and expanded upon in future
reports.

Table2. Spring loading information for priority watersheds.

Total Phosphorus Soluble Reactive
S Ave. TP Phosphorus
EUEIY Sourcé =ampling Fred; I(_ISI?'()j Years Met (;Z;ayr;;jz Years Met | Trend(%/yr)?
Load| FWMC Load| FWMC Load| FWMC Load | FWMGC
Thames | ECCC| 2x/week + precip 169 NT | NT NT | NT
. MECP,| _. :
Leamington ERCA Biweekly + precip 9 NT | NT NT | NT
Huron (OH] NCWQF Daily 82 NT | NT NT | NT
Maumee |NCWQF Daily 1528 | 0/5| 0/5 |-1.7% 0.0% | 0/5 | 0/5 |-0.2%| +0.4%
Portage |NCWQF Daily 99 4/5 | 0/5 |+06% +15%| 3/5 | 0/5 |-0.1%| +0.2%
Raisin |NCWQF Daily 91 1/5 | 0/5 |-0.49% +1.6%| NT | NT |+04%| +1.7%
Sandusky | NCWQF Daily 317 0/5 | 0/5 |-0.59 +0.5%| 0/5 | 0/5 |-0.9%| +2.2%
Toussaint Not monitored

NT = no target

1. Data sources and typical sampling frequency as of 2023; changes occurred for Thames (2017) a®Huron
(2018). Toussaint Creekuamonitored;its load is extrapolated from adjacent watersheststargets and trends

were not evaluatedBiweekly indicates once every two weeRsecip indicates samples were collected in response
to precipitation events in addition to routine sampling.

2. Trends were calculated using the THedn slop€Sen 1968)and divided by the 2008 baseline value (2011 for
Portage) to give the overall percent increase or decrease per year from¢2B@BL.Empty trend boxes are due to
either missing data or large changes in nutrient sample sizes that limit interpretation of tr&ridble with tend
p-values table ipresentedin Appendix 7.2.2.

Of the four spring priority watersheds with data and consistent sampling regimes (Maumee River,
Portage River, River Raisin, and Sandusky Rierjiswere generaly smalland statistically uncertain

for TP and SRP for loaglsd FWMCsas indicated by slopes near 0%/year &igh pvalues For the two
watersheds with the largest average spring TP load (Maumee Ri28 Wb, Sandusky Rivet BMT),

the 40% reduction load and FWMC targets were not met in any year ofyearsevaluation period for

TP or SRP. In the Portage River watershed, the TP load reductioneffegéte during the §ear

evaluation periodvas met in 4 out of 5 years (all but 2019) and the SRP load reduction target was met
in 3 out of 5 years (all but 2017 and 2019). The Portage River reduction target uses a baseline of 2011
because that is when NCWQR began daily sampling and 2011 hathatsitai spring discharge 2008
(Ohio Domestic Action Plan, 2020). That also was the year with the highest spring discharge and TP load
from 2011 to 2021. The only other case in which an established reduction target was mibiev2g2 1

spring TP load for the River Raisin, which had the setawelst spring discharge from 20Q&021.

Notably, none of the FWMC reduction targets were met for spring priority watersheds where they have
been established ando tributary had a negative FWMf&nd, indicating that when load targets are
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met during lowdischarge springs it is largely due to reduced discharge and not to phosphorus
concentrations meeting FWMC reduction targets.

Figuresshowing estimated loads and discharge by year from 2008 to 2021 have been developed for
eachpriority watershed. Figures for thdaumee River arpresentedin Sectior2.2.1 Figures8 and 9

for the Thames River and Huron Ri¥@illustrate how changes in sampling frequency have implications
for evaluation reduction targetsidures for all other priority watersheds are included in Appeffdixl

Thames River Spring TP Loading
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Figure8. Spring total phosphorus load (grey bars) from the Thames River for water years
2008¢ 2021. Blue line total is total spring discharge. Shadettarea highlights the
2017¢ 2021 evaluation periodvaluesn white boxesare the numberof nutrient
samplegsample sizedizda SR F2NJ £t 21 R OlFf OdzA F A2y Ay SI OK
based regression method was used due to limited sampling

Spring TP loads for the Thames River are highly variable frortosgaar(Figure 8)though changes in
sample siz@ver timecomplicate establishing a load reduction target and interpretation of trends. From
2008to 2011, only 3 or 4 samples were collected each spring; calcusaidtgloads are relatively small
except for in 2011, which is the largest load during this time period. Small samples sizes are unlikely to
adequately capture the loadischarge relationshipsed as the basis for tH®BRE methoand may
cause inaccuratestimates depending on which specific days were sampled. Cosopaifithe 2008
discharge andpringload (955 million cubic meters discharge,MT TP) to years with more samples
but similar discharge (2015: 879 million cubic meters dischargeMIBGDP; 2017: 017 million cubic
meters, 186MT TP) suggests thepringload estimate for this year is lower than expected, and so a 40%
reductionfrom existing 2008 baselingould be an unrealistically low targefThe same pattern is e
for the Thames River spring SRP load.

Similar complications arise from changes to sampling size iHtlhen River (Ohio) watersheHBigure
9). From 20090 2017, nutrient concentrations were measured by Ohio HP&se samples were not
desigred for load calculations argbring sample sizegere low in numberranging from 2 to 19.
Starting in 2018, the NCWQR began sampling the Huron River eafdr ttag purpose of nutrient load
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calculation Loads after thechangein sampling frequencwgre all higher than all prior years, suggesting
that a load reduction based sampling prior to 208 would result in an unrealistically low target.

Huron River (OH) Spring TP Loading
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Figure9. Spring total phosphorus load (grey bars) from the Huron River (Ohio) for water
years 200g; 2021. Blue line total is total spring discharge. Shaded blue area highlights
the 2017¢ 2021 evaluation periodvaluesin white boxesare the numberof nutrient
samplegsample sizefiza SR F2NJ £ 2F R Ol £t OdzZf F A2y Ay SI OK
load was prorated based on the proportion of annual discharge that occurred from
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possible samples sizes taken from Maccoux g28l16), which reported only annual
values

2.2.3 AnnualPhosphorus.oads to Central Basin

While spring TP and SRP loads from the Maumee River and other priority tributaries were identified by
the Annex 40bjectives and Targets Task Te@@15)for reduction targets to address HABs, annual TP
loading to thewestern andcentral basiswas determined to bekey driver of hypoxia in the central
basin. As a result, Annex 4 adopted a 40% reduction target for annual TP from thiea2@0Be to
minimize the extent of hypoxic zones.€M40% reduction for hypoximcludes both a total load target of
6,000 MT to the central basin from all sources that feed into the central basin (including inputs from
Lake Huron, the atmosphere, and watershed inputs to the Hitoe Corridor, western basin, and
central basin), asell as 40% reduction targets for individual priority watersheds. These annual TP
priority watersheds include the 8 spring TP and SRP priority watersheds (TRaraemnd Leanmgton

in Canada, and Hure@H, Maumee, Portage, Raisin, Sandusky, and Toussaintlimiteel State} as

well asfour additional watersheds in thEnited Statesthe US Detroit River watershed, Vermilion
River, Cuyahoga River, and Grand Ri@é&io) Annual priority tributary and total central basin load

calculations and targets are estimated for the entire watersbhed f 82 NBFSNNBR (2 | &

including measured loads at the monitoring locations and downstream and adjacsdgdoiat @nd
non-point loads.
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Phosphorus Load Reduction Target
A 40% reduction in TP entering the western and central basins of Lakefiorne the United States and from
Canada to achieve an annual load of 6,000 to the central basin. This amounts taeduction from the
United States and Canada of 3,38 and 212MT respectively.

The total annual central basin TP load was calculated by summing the component loads (watershed,
Lake Huron, and atmospheric inputs). For each individual watershed load, the monitored load at the
monitoring locationvascalculated as described in Sectidi2.1and2.2.2 For unmonitored areas, nen
point source loads were calculated using unit area loads (TP load per unit area) from upstream or
adjacent monitored areas and added to point source loads in the unmonitored areas.

Phosphorus Loads to the Central Basin
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FigurelO. Annual total phosphorus loading to the central basin of Lake Erie. Bar color
indicates loading source. Horizontal red line represents t0@@MT target, based on a
40% reduction from 2008 baseline. Blue line is total annual discharge from 6 major Lake
Erie tributaries.

From 2017 to 2021, the,800 MT TP target was not met in any yéaigurel0). The 2021 load @,278
MT came closest to meeting the target; this was also the year during-yfeabevaluation period that
had the lowest annual discharge from 5 major Lake Erie tributarie8&2 8nillion cubic meters. Since
2008, the central basin target was met in two years, 2010 and 2016, which were the only two years
besides 2021 with annual major tributary discharge <10,000 milignicmeters. Annual TP load was
tightly correlated to the discharge from major tributaries, with a correlation coefficient & ©:82008
-2021.

Analysis by source demonstrates the dominance ofpoimt sources in determining annual TP load to
the central basin and yedo-year variability, relative to other sources. Monitored and unmonitored
non-point sources accounted for an average of 73% ofuah TP loads from 20G82021.Non-point
sourcesanged from 60% to 84%,@86 to 9,697 MT) over that period, with lower percentages usually
occurringin drier (lower discharge) years and vice versa. Loads from all other sources (point sources,
Lake Huropatmospheric deposition) averaged 27% (range 46%) and were much more stable from
yearto-year (loads varied between748 and 597 MT).
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Phosphorus Loads to the Central Basin
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Figurell Annual countryspecific total phosphorus loading to the central basin of Lake
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Countryspecific TP loads to the central basin were also calculated along with reduction targets to
illustrate differences in the load magnitude and sourddgirell). Lake Huron and atmospheric loads
were evenly split between thBnited Statesand Canada. Countigpecific reduction targets were
OF t OdzAft F ISR 08& &adzodG NI OlAy3 (GKS 3RBRIOUS, 21¢ MHoLJS OA FA SR
Canada) from the countrgpecific 2008 loads. Years with high and low logeise similabetween
countries, though spatial variability in precipitation (and thus discharge), sampling changes described
above, and other factors are expected to create cowsipgcific variability. The.8 annual TP load to
the central basin averaged30 MT from 2008 2021,46G A YS&a I NASNJ G4 KIy /Iyl RIQ
1,394 MT. The LB load also had a larger contribution pbint sourcego the total load, averaging0%
compared to 8% for Canada. While no year from 202021 met the combined central basin target, the
U.S:specific 40% reduction target was met in 2021 with a loadl@83MT. Prior to 2017, the \3-
specific target was also met in 2010, 2015, 26d6. Three of these years when theSkspecific target
was met (2010, 2016, 2021) were also the three years with the lowest annual TP load for the Maumee
River from 2008 2021 Figurel?2). During the period from 2008 2021, the Canadsapecific target was
only met in 2010.
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Maumee River Complex Annual Phosphorus Loading
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Figurel2. Annual total phosphorus load (grey bars) from the Maumee River watershed
for water years 2008 2021.Values in white boxeare the numberof nutrient samples
(sample sizeised for load calculation each year. Red horizontal line is the target load
(40% reduction from 2008 baseline). Shaded chart area highlights theqZiiZ1
evaluation period.

To address central basin hypoxia, the Objectives and Targets Task Team identified 12 priority tributaries
for TP load reduction, in addition to establishing the combined annual TP target loads for the entire
central basinTable3 presentsmean annual TP loads from 2017 to 2021, the number of years during the
5-year evaluation period where load reduction targets were yaed relative trendsn TP load% per

year compared to baseline yeas described for spring priority tributaries abdMeigures of annual TP

load along with TP concentration sample sizes for all tributaries with calculated loads are presented in
Appendix7.2.3. Note that the Detroit River (I3) watershed is calculated by summing the loads from

the Black (MI), Bell®ine, Clinton, and Rouge sulatershedsand direct inputs to the Hurc#rie

corridor from the U.SFor this reasonthe Detroit River (L) watershed load is nahtendedto directly
represent the inputs at the mouth of the Detroit River

Table3. Annualloading information for priority watersheds.

TP
Ave.
Complex Data : Total # Years Trend
(annual) Source Sampling Freq Load Met %lyear e e e
(MT)
Thames ECCC |  2xiwk + preci 499 No
precip Target
. MECP, . . No
Leamington ERCA Biweekly + precip 35 Target
Cuyahoga NCWQR Daily 315 1/5 -2.3% 0.08
Det(ra'ts?"’er USGS Monthly 848 15 3.0% 0.009
Grand (OH) USGS Monthly 266 0/5
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Huron (OH) NCWQR Daily 273 0/5
Maumee NCWQR Daily 2,762 1/5 -0.3% 1.0
Portage NCWQR Daily 255 1/5 -2.4% 0.32
Raisin NCWQR Daily 190 1/5 -0.6% 0.74
Sandusky NCWQR Daily 715 2/5 -1.6% 0.32
Vermilior? USGS Monthly 71 5/5*
Toussaint Not Monitored No
Target

1. Leamington tributary annual loads only available from 292821 .Biweekly indicates once every two
weeks.

2. Michigan calculates and evaluates loads for River Raisin at the monitoring location, while annual values and
trends reported in this Evaluation include estimates of loading from downstream and adjacent areas for
consistency with Annex 4 methods.

3. There have been large changes in sampling frequency in the Vermilion RivEgged 5 and text below.

4. P-values useds a conventional statistical measure of evidence against the null hypothesis that the slope is 0.

For priority tributaries that have had relatively consistent sampling from 2008 (Cuyahoga, Detroit,
Maumee, Portage, Raisin, and Sandusky rivers), trends varied3t6vh per yearetroit) to -0.3% per
year Maumesd. However yearto-year variability for most tributaries was high as is uncertainty in trend
slope estimates for most tributaries. The only two tributaries with lamgegnitude trends and smaller
p-values were the Detroit Rivevatershed (trend slope =3.0% per year, gralue = 0.09) and Cuyhoga
River (trend slope =2.3%, pvalue = 0.08)Notably, these two tributaries have a relatively high
proportion of point sourcesMaccoux et al.2016), thoughthere have been significant efforts to reduce
non-point sourcdoadingin the Cuyahoga Rivefhe cautions in interpreting trends described above for
spring loads also apply for annual loads: changes to load are largely dridestlhgrge, potentially
masking other changes; the slope calculated represents a single, linear rate of change for the entire
period, while true changes are likely to be roonstant; and the time period analyzed is shorter than
estimates of the length ofilne needed to detect even large changBetanzo et a).2015).

Similar to spring TP and SRP reduction targets, annual TP load reduction targets were generally not met
for the tributariesfor whichthey have been establisheMost did notmeet targetsor met targets ina
singleyear during the 5/ear evaluation period from 20172021. The Sandusky River was the only

tributary with high-frequency,consistent sampling from 20082021 where the reduction target was

met in more than one year during tieyear evaluation period; its reduction target was met in 2020 and
2021.

As observed for spring priority tributary loads, several annual load priority tributaries have had changes
in sampling regimes since 2008 that complicate the interpretation of targets and trends. Clasuges
issuedescribed for spring loads for the Thames, Huron (OH), and Toussaint rivers also apply to annual
load sample sizes. The Grand River in Ohio had annual nutrient concentration sample sizes ranging from
1 ¢ 4 samples per year up until 2086d 11 ¢ 34 samples from 2017 2019, and dischargdased

regression incorporating prior years of data was used to calculate loads for 2020 and 2021. The 2008
baseline load for the Grand River was M5 TP (sample size uncertain); the reduction target was met
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in all years but 2011 from 20@92016 when sample sizes were low and has not been met in any year
from 2017 to 2021Kigurel3).

Grand River (OH) Complex Annual Phosphorus Loading
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Figurel3. Annual total phosphorus load (grey bars) from the Grand River, Ohio
watershed for water years 20082021.Values in white boxes are tlmeimber of
nutrient samplegsample sizelised for load calculation in each year. Red horizontal line
is the target load (40% reduction from 2008 baseline). Shaded chart area highlights the
2017¢ 2021 evaluation period.

CKS +SNXYATtA2Y WAGBSNI 6Fa& Y2YyAG2NBR o0& | SARSto6SNB |
samples and the resulting load used to establish a 40% reduction target, but frong 20@2 nutrient
sampling was conducted yhio EPA andSGS with between 4 and 46 samples per year. Years with the
highest sample sizes generally have higher annual TP load estifRmese{4). The 2008 baseline year
has the secondhighest annual TP load estimate, and the resulting 40% reduction target was met in all
five years from 201¢ 2021.

Vermilion River Complex Annual Phosphorus Loading
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Figurel4. Annual total phosphorus load (grey bars) from the Vermilion River, Ohio
watershed for water years 20082021.Values in white boxes are thmumber of
nutrient samplegsample sizelised for load calculation in each year. Red horizontal line
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is the target load (40% reduction from 2008 baseline). Shaded chart area highlights the
2017¢ 2021 evaluation period.

Overall, annual TP reduction targets established to address central basin hypolkiagahlgot being
met for the entire basiror priority tributaries. The total central basin target was not met during the 5
year evaluation period from 2012021 and has only been met twice since 20fing two years with
very low discharge. Priority tributary reduction targets were also rarely met where they have been
established. For some of tiveatersheds with targets, and those without, changes in nutrient sampling
frequency(or no sampling for unmonitored tributariespmplicate baselinéeterminatiors,
establishment ofeduction targets, an@valuaton of trends. Of thewatershedthat had consistent
sampling, trends in annual TP load from 2Q@®21 were mostly small and uncertain due to y&ar
year variability Notably, the two watersheds with the strongest evidence for declings(Detroit River
and Cuyahoga) both have high proportions of point sources.

2.3 SUMMARY ANDISCUSSION

2.3.1 Summary of findings and interpretation

Across the three phosphorus loading reduction targets established by the Annex 4 Objectives and
Targets Task Team (Maumee springSR®, priority tributary spring TBRP, and priority watershed and
total central basin annual TP), most load reduction targets are not being met, and when they are it is
usually during low discharge yeaRAWMC targets were not met in any year for tributaries where they
have been establishedhdicatingthat even inlower dischargeyears phosphorus concentrations remain
relatively highand lowerdischargeratesare largely responsible for cases wHeadtargets are net.

The relative magnitude of trends in both loads and FWEI€generally small and uncertaithe

results of this evaluation are consistent with our understanding of controls of nutrient loading to Lake
Erie and our expectations based on the degree to which and lengimesincemanagement actions
have been taken in the watershed.

While extensive efforts to reduce nutrient loading have been completed and are in progress (USDA
NRCS 2016b, H20hio 2022yeralstudies have found that multiple management practices will need to
be implemented on largé> 60%)proportions of the Lake Erie watershadreageo significantly reduce
phosphorus load§Scavia et 812017 Martin et al, 2021, USDANRCS 206 USDA NRCS 2Q1There

are expected lags from when BBI&e implemented to when improvements are realized at the lake due
to legacy nutrients in fields and streams (Gheay et al, 2013, Muenich et al2016). Lastly, once
sufficient BMPs to achieve 40% reductions are implemented, it may take years for changes to be
distinguishedstatisticallyfrom natural yeasto-year variability (Betanzo et aR015 Wellen et al, 2020).
Thesestudies andhe lackof significant, sustainelbadingdeclines documented in this evaluation
suggest thatontinuedeffortsto reduce nutrient loadingare needed, as well as additional time for

those practices to take effect and be detectable.

2.3.2 Estimation otoadingChangeswithout Influence ofbischarge

Dischargalrives mosif the yearlyvariability in spring and annual phosphorus loads and changes
significantly from yeato-year with precipitation patterns, which makes detecting changes in loads due
to other factors such as langse change or management actions challengitgw-normalizationis a
statisticaltool that reduces variabilityn load estimatesand is implemented in the EGRET software
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developed by the USGS (Hirsch et al. 2023), whiegratesdaily Weighted Regressiona Time,

Discharge, and Season (WRTDS) of nutrient concentrations over the probability distribution of discharge
(Choquette et al. 2019Y he resulting flownormalized loadsemove most of thedaily,annual and

seasonal variability due to flow arde less variabléhan actual loadswhich makesietectingand

interpreting trends and changehie to other effectseasier

Rowland et al(2021) analyzed NCWQR datasets udimg EGRET softwane three Lake Erie tributaries

and provided updated figures for the Maumee River for use in the AM Evaluation. As the single largest
load to Lake Erie and the focus of several efforts to reduce nutrient loading, understanding changes to
Maumee River loadipis crucial to understanding progress towards achieladreduction targets and
LEOs. Annual discharge is highly variable in the Maumee River, with a more than 3x difference in
average daily discharge between the lowest and highest years fromcl2821 (Figurel5) andhas
increased over this time period

Maumee River
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Figurelb. Average daily discharge from 1982021 for the Maumee River measured at
Waterville, OH. Sourc&. Rowlandypdated from Rowland et a(2021).

Actual loadof TP for the Maumee River are highly variable and closely follow disciégyeel6a).
Approximately 7% of the variability in annual TP load is explained by variability in dischRmgta(d

et al. (2021 Figure S1). The flomormalizedTPloads Figurel6a) increasd since about 201ut
remainbelow the peak observed around 1990. Conversely,-flonmalized SRP loads declined since
peakngin 2008 but remain nearly 2x higher than the minimum in 1¥88urel6b). In addition, flow
normalized loads for different forms of nitrogen measured by NCWQR have all been steady @ddeclin
over the past 1@ 20 years (Appendix.2.4).
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Figurel6. Actualloads(darkblue circleg and flownormalizedoad (light blue circleg
for total phosphoruga) and soluble reactivehosphorugb) for the Maumee River from
1982¢ 2021.Source: F. Rowland, updated from Rowland e@28121).

The smoothing provided by flow normalization aids interpretation of changes and detection of trends
that would otherwise be obscured by yetr-year variability in discharge. While there is little evidence

of recent trends in actual loads (Taband4), declines in flowmnormalized SRP and nitrogen loads
suggest that some progress is being made in the Maumee watershed. Declines-oftoalized SRP

are encouraging as this form of phosphorsikighly available to algae and increases in SRP loading have
been tied to the resurgence of HABs in the late 1990s and 2@20=( et al.2014, Stow et a|2015.

How-normalized loads can provide indications of relative progress and easier detection of titaun]s,
it is important to continue tracking both actual and flewermalized loadsilong with flowweighted
mean concentrations (FWMQs)evaluate progress in reducing nutrient loadigxpanding the reguta
computation of flownormalized loads to other priority tributarig€g.g., during the Annexa&nnual
loading calculationd)as the potentiaprovide additional insightn changes

2.3.3 KeyAreas ofUncertainty

Influence of sampig frequency on load measurement and target and trend anah&aseraltributaries
have had changes in nutrient concentration sampling frequencies that are confounded with observed
changes in loads or have not been monitored in all years since 2008. For most of these tributaries,
nutrient sampling was more limited in earlgars and increased following the signing of the 2012
GLWQAor the adoption of phosphorus reduction targets in 2016. In these cases, establishing or
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evaluating load reduction targets and attributing trends to other drivers (as oppossichaybeing due
to sampling changes) is challenging.

Small sample sizes are unlikely to adequately capture variability in the diset@rgentration
relationship andare likely to misshort event windows (such as storntbat have the highest discharge
and loadinglt is important to note that most of the priority tributaries (including those with the largest
loads) currently have frequent sampling (~2x/week or more) and several also havedongecordsof
measurement At the scale of the entire central basin annual TP load, @ of theannualestimated
loadsTPbetween 2017 and 2021 came from sources ttat be consideredccurately quantifiedie.,
point saurces and monitored tributary loads for the Thames River and NCWQR Giig=s).limited
resourcedor monitoring,it will continue to be important tawonsider ways to adapt the monitoring
strategy toreduce uncertainty

Lake Huromontribution to the Detroit Rivdoad - The Annex 4oadingsworkinggroup uses a fixed

annual TP load of 328 T to calculatethe contribution of Lake Huron to the Lake Erie load. Vaigeis

added to the loads (estimated as described above) from watersheds along the-Brieo@orridor to
determine the total inputs of the Detroit River to the western basin of Lake Erie. Measuring loads
directly near the mouth of the Detroit River is consplied due to the influence of Lake Erie (e.g.,

seiches can revee flow) and horizontal flow stratificatiafe., poor mixingwithin the river). The

constant Lake Huron load method is consistent with previous calounlafiLake Erie loads (Maccoux et

al, 2016) and is based on the assumptions that phosphorus concentrations of the Lake Huron inflow to
the St Clair River are similar to Lake Huron open water concentrations, and that annual flow is relatively
constant.

However, recent researctB(rniston et al., 2018cavia et al., 201S$cavia et al., 202Gcavia et al.,
2022 Scavia2023 suggestshat the Lake Huron and total Detroit RivElPloads may be much higher
than values calculated with the Annexoadingsworking goup method. Load estimates from Lake
Huron based on data collected at theadof the St. Clair River armhsed orother methods are &Hx
higher than the 321 MT used by the Anneboddingsworkinggroup. The differencebetweenlLake
Huron load estimated by the Annex 4 loading group and in recent studsesimilar in magnitude to the
correspondindlifferencesin downstream loads from th®etroit River to Lake Erie (Scgd823).
Further analysis to estimate Detroit River loawisre accuratelyand their influence on HABs and
hypoxia in Lake Erie, is ongairlye results of these studiesill be considered irfuture assessments.

2.3.4 Priorities forMonitoring Modeling,andResearch

The loading estimates calculated annually by the Annex 4 loading working group are based on extensive
investments in monitoring by government agencies and off@tners. Addressingkeydataand
knowledgegaps could strengthen future evaluations and inform nutrient managerae#ottsin Lake

Erie watersheds. Several tributaries had insufficient data collection in 2008 to accurately estimate loads
from which to set reduction target3.he 20150bjectives and TargeffaskTeamreport recommended

load reductiontargets for priority watersheds be established in th@mestic actiorplans Alternative
methods should beonsideredo set reduction targets for these priority tributaries to provide a target

load against which progress can be evaluated. Relatedly, all priority tributaries need sufficient nutrient
concentration sampling to ensure loads can be accurately calculatetbanthimize samplingelated
changes in load estimates. Uncertainties in the Lake Huron and Detroit River loads should also be
examined furtherRoutinely calculating flommormalizd loads to remove the impadaf dischargédor all

Binational Adaptive Management Evaluation for Lake Erie (20217) 23



tributaries with sufficient dataan provide useful feedback on whether actions in the watershed are
having the intended impact.

3 LAKERESPONSEONUTRIENIOADS

3.1 INTRODUCTION

Nutrient loading from the watershed plays a central role in determinidglke conditions, along with

internal processesuch agselease of nutrients from sediments and filtering of the water column by
invasive dreissenid mussels. Understanding the state of Lake Erie and how it responds to loading
requires measuring a wide range of physical, chemical, and biological variablediusisg methods,
including shigbased sampling, igitu sensors, and satellite remote sensing. Monitoring is carried out by
federal, state provincial, and local government agencies as well as universities and other groups. While
collectively these activities generate a wealth of datisicalto our understanding of Lake Erie, this
evaluationlimited analysis talatathat have been collected using consistent methodology over long
GAYS LISNA2RAaZ gAGK AdZFFAOASY(H aLl GdAalf O2@SNI 3S
and that match the time periods specified by the ERIs.

9/ / mdpigoring and surveillance program has existed sincemltp ¢ anf éollects water quality data
from approximately65 stations on Lake Erie, both nearshore and offshore. During spring and summer
surveys, water quality data such as nutrients, contaminants, chlorophyll, major ions (silica), metals and
physical parameters are collected. The EEBAGreat Lake National Program Offi€e&L.NPOhas

conducted monitoringn Lake Erisince 198 to measue nutrients, metals, water chemistry, physical
parameers, dissolved oxygen, chlorophyll, and phytoplankton commutityctureat 22 stations on

Lake Erieluring spring and summer surveys addition to these longerm monitoring programs,
additional data provided and used in tlggaluation include remote sensing data on HAB severity from
ECCC andOAA as well a€ladophorabiomass at sentinel monitoring sites by ECCCL#@ SThese

data were compared to ERIs established by the Anr@kjdctives and Targets Task TeanGLWQA
Interim SubstanceObjectiveswhenpossible andissessedor evidence of recent changesmparal to
historic variabilitywhen quantitative objegves have not been established

3.2 TROPHICONDITIONS

The trophic status athe Great Lakes fsbeen a focus of the GLWQA sincesitmingin 1972 and
continues to serve as a key indicator of ecosystem health. Nutrient concentrations, proxies for
phytoplankton biomass, and water clarity (i.e.c8a disk depth) support an understanding of trophic
status and facilitate evaluation of how nutrient rediarts affectoverall productivity.

Lake Ecosystem Objective (LEOM#intain mesotrophic conditions in the open waters of the western and
central basins of Lake Erie and oligotrophic conditions in the eastern basin of Lake Erie

Performance measurevaintain nutrient concentrationsat levek that meet basirspecific trophic status
objectives for sustaining laealthy and diverse fish community

Trophic statusSubstance Objective®asinspecific open water spring TP concentration, bagecific open
water summer chlorophyh concentration
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The Annex 4 Objectives and Targets Task Team did not identify a need to revise the existing Interim
Substance Objectives ftotal phosphorus concentrations in open waters, as representesiloyng

means, which arel5 pg/L in the western basin and 10 pg/L in both the central and eastern basins. It is
anticipated that the targeted phosphorus reductions wélsult in average spring mean phosphorus
concentrations in open waters that will meet the basimecifictrophic statusobjectives(Annex 4
Objectives and Targets Task Team, 20@€B6jrespondingarget simmer chlorophyHla concentrations

were reportedin Chapra and Dobsd®981) and havebeenadopted in State of the Great Lakes

reporting asan Interim Substance @dctive, with a target of & pg/L in the western basin and 2.6 pg/L

in the central and eastern basins.

3.2.1 Summary of Observatiogsirophic Status, 2017021

In-lake nutrient concentrations and chlorophyllare measured through lortgrm monitoring programs
by both GLNPO and ECCC. Other federal, state, provincial, and academic partners also operate
monitoring stations tassessndicators of trophic status but results from those stations are not
incorporated into the results discussion below.

Three years of data within the assessment period are avail@gen water concentrations of spring
total phosphorus and summer surface chloroptayiere compared to GLWQuterim Substance
Objectives and ranges indicative of different trophic conditions in Great Lakes waters as reported in
Dove and Chapra (2015).

Open water spring concentrations of total phosphorus in the western basin of Lake Erie were above the
Substance Objectivia all yearsand were in the range of concentrations associated with eutrophic
conditions. Open water spring concentrations of total phosphorubkercentral basin werabovethe
Substance Objectivia al yearsand were inthe range associated with mesotrophic conditiol®pen

water spring concentrations of total phosphorus in the eastern basin were close to the Substance
Objective in all years and were in the range associated with mesotrophic conditiahshree years
(Figurel?).
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Figurel7. Spring (April to May) averad SEYotal phosphorus concentrations in the
western, central, and eastern Lake Erie basiie dottedline indicates the Interim
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loading targets is defined as Marchlaly.
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Substance Objectiv@017 to 2021 is highlighted as the current assessment period for
the 5-Year BinationaAM Evaluation.

Although there are not designateflibstanceObjectivesfor other nutrients, GLNPO and ECCC also
measureother nutrients, including SRP, ammonia, nitrates and nitrites, siliwdtotal Kjeldahl
nitrogen. Results from monitoring for those nutrieraiee provided in Appendix.2.5

Summer surface chlorophydl concentrations in the western basin were above the Interim Substance
Objectivein most sampleshroughout evaluation period anith the rangeassociated witkeutrophic
conditions inGreat Lakes water&ummer chlorophyla concentrations in the central basin weatso
generallyabove thelnterim Substance Objective during the evaluation perad]concentrations fell
within the range associated witbligo-mesotrophic conditions. Eastern basin summer chlorogéyll
concentrations weragyenerallybelowthe Substance Objectivand withinthe rangeassociated with
oligotrophic conditionsn allthree yeargFigurel8).
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Figurel8. Summer (June to August) averg@eSEchlorophylta concentrations in the
western, central, and eastern Lake Erie basii® dtted linesindicate thetargeted
ranges (Dove and Chapr&015) corresponding to trophic status objectives in GLWQA
2012 2017 to 2021 is highlighted as the current assessment period for-teab
BinationalAM Evaluation.

Modeling has suggested that the targeted 40% reduction in spring and annual phosphorus loading
would maintain trophic status at a level that would not impact the carrying capacity for the fish
community, with the potential exception of the central basim{@x Objectives and Targets Task Team,
2015). These assessments were based on annual open water TP concentraticpsinpt
concentrations. Becaudbere was not a persistent reduction in loddring the assessment period,ish
evaluation cannot asses®W lake trophic conditions respond to load reductions

3.2.2 Priorities for Monitoring, Modeling, and Researdrophic Status

Longterm monitoring programs under GLNPO and ER€ been designed to meet assessment needs
laid out inthe GLWQAbutbeyond these programthere are opportunities to improve consistency in
monitoring, which may allow for expanded evaluationL.dfOs and/or advances in our understanding of
Lake9 NJ S dritlaké réspoRse relationshi’he Lake Erie and Lake St. Gl&iBs wrkinggroup

pointed to the importance of developing a consistent approach in their recommendations for
monitoring (2021). Additionally, therorkinggroup recommended integrated water samplifes is done
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by GLNPO and EC@EC3ll monitoring locations with select monitoring stations suppleneeiwith
surface samples (and potentially other depths).

3.3 CrANOBACTERHARMFUIALGAIBLOOMS

1. a RS@St2L) Fyydzhtte Ay [F1S 9NARSQa ¢SaiSNy ol aa
summer.The cyanotoxins produced by the HABs in the western basin threaten human and animal

health, while the excessive algal growth itself disrupts food webs, degrades fish and wildlife habitats,

reduces spawning areas, limits fish productivity, impedes recneatioses of waterways, and clogs

water intakes. Furthermore, théecomposition of algal biomass associated with HABs contributes to
KELREAI RYBAERIIKRGT I NB dzyAyKlFIoAdlofS G2 FAaK | yR

LakeEcosystem Objective (LEO H)aintain cyanobacteria biomass at levels that do not produce
concentrations of toxins that pose a threat to human or ecosystem health in the waters of the western ba
Lake Erie.

Performance measureReduce the occurrence, extemty R ¥ NBIj dzSy 0eé 2F 1! . & }
central basins.

CyanobacteritHABsERIand target threshold: Maximum 30day western basin average cyanobacteria
biomass <9,600 MT

Research and modeling have shown that open water cyanobacteria biomass in the vestierof Lake
Erie is largely driven by spring TP and SRP loads from the Maumee River, with other factors,like wind
mixing,and temperature affecting the bloom characteristics. Phosphorus loads from other western
basin tributaries may also contribute to the bloom, but loads from these tributaries more directly affect
nearshore, localized algal blooms.

Although bloom size and toxicity are not inherently linkedy., a small bloom can be toxiggneral
prevention of HABs is considered the mappropriate means to control cyanotoxias minimizing
cyanobacteria biomass can be assumed to reduce the potential for high toxin prod(&tioex 4
Objectives and Targets Task Team, 2015)

3.3.1 Summary of ObservatiogsCyanobacteria/HAB2017-2021

The Annex 4 Subcommittee w@aximum 36daywesternbasin cyanobacteria biomaksas the ERI to
track progress toward the cyanobacteria bloom biomass. LEO

Cyanobacteria biomass is primarily measured through remote sensing. NOAA and ECCC utilize slightly
different approaches to characterize the bloom, but both compile daily satellite imagery to measure
indicators of algal biomass and validate the satelliteaswement with field data. NOAA calculates the
Cyanobacteria Index (CI) from the biomass of cyanobacteria, measured by the reflectance at three
wavelengths associated with cyanobacterial cells (Wynne.e2@21), whereas ECCC measures overall
chlorophylta concentrations and therefore does not distinguish between the type of phytoplankton
(Binding et al 2018).

3 Some other bloom metrics, including those used in the State of the Great Lakes reporting, use areal extent of the
bloom rather than bloom biomass, which may result in a different determination of bloom severity.
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NOAA calculates the bloom severity index (Sl) based on the biomass overdhg @hdow with

maximum biomass. The BRiesholdof less than 9,60MT approximately corresponds tan Sbf 2.9.

An Sl above 5 is considered a severe bloom, while blooms over 7 are very Beyael9 summarizes

GKS Ft3rt o6ft22Ya SELSNASYOSR Ay [F1S 9NASQa sSais
interannual variability in the severity of the bloom, ranging fromo 8 on the bloom SFigure20

presents Lake Erie S| data for 2€8@R1. Between 2017 to 2021, the bloom Sl target was not met in any

year, though the 2020 bloom came close with a Sl of 3.
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Cyanobacterial index
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The cyanobacterial bloom biomass,
represented as the cyanobacterial
index (CI), is calculated from
reflectance measurements at
wavelengthsspecifically associated
with cyanobacteria blooms, which
are collected from satellites (NOAA
2021). The Cl on the mapre
shapshos from a single dagt peak
bloom intensity while the bloom
severity index (SI) summarizes the
overall severity of thddloom and is
based on the biomass over the peal
30 days.

CI from NASA MODIS Terra & Ad
data collected September 20, 2017.

The 2017 bloom was considered
severe with an Sl of 8The bloom
peaked in migSeptember, with
an additional peak in August.
Scum covered up to 280 square
miles of the western basin during
the September peaklhere was
heavy rainfall in May and late
June.

2018

Cl from NASA MODRua data
collected August 11, 2018

The 2018 bloom was mild, with an
Sl of 3.6The bloom peaked in
August, with a relatively early
emergence and ending. Although
some scum formation occurred, it
was localized and relatively
uncommon. Although annual
rainfall was in line with longerm
averages, rain in May, June, and
July was low.

Cl fromSentinel 3a dété collected Augu
7, 2019

The 2019 bloom, with an Sl of 7.2,
was relatively severeThe bloom
reached full intensity in August and
declined by October. Strong winds i
September dispersed and diminishg
the bloom. Scums were present, bu
not to the extent observed in 2017.

2020

: " . I
Cl from Sentinel 3a data collectd
August 22, 2020

The 2020 bloom was mildith

an Sl of Jand just slightly over
the goal of 2.9.The bloom
peaked in the end of August and
declined rapidly following strong
wind events in September.
Although the bloom covered a
large area, it was mostly low
density with low risk for toxins.

2021

!

Cl from Sentinel 3a data collects
September 7, 2021

The 2021 bloom was moderately
severe with a 6.0 SIThe bloom
peaked in late August/early
September, weakened in mid
September, and réntensified
toward the end of September. The
bloom covered a large area but hg
moderate biomass. Spring was
relatively dry but July had high
rainfall.

Figurel9. Summary of Western Lake Erie bloom conditions from 280Z1.Grey areas
of the lake indicate cloud cover on the image collection date. Note change in image
source (MODIS to Sentinel 3ym 2018to 2019.
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Figure20. Lake Erie bloom severity index (NOAA), 2R021. 2017 to 2021 are
highlighted as the current assessment period for tRéear BinationaAM Evaluation
(adapted from ErieStat).

ECCC reports the average and maximum bloom severity between June and October by multiplying the
bloom intensity (average chlorophyll concentration within bloom area) and bloom extent (area)
(Environment and Climate Change Canada, 2022). While this me&scnat directly report on the 30

day maximum ERI, it can provide another view of the bloom biomass. As shdviguoe21, although

OF £ Odzf I 1 SR RA T T S NIB)he bweralfchaBadterization df teibloont is2qgity similar,

with 2017 being the most severe bloom, followed by 2019 and 2021. In both severity metricgrzD20
2018werereported asrelatively mildblooms
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Figure21. Average and maximum JugéDctober bloom severity (ECCC) for Lake Erie
blooms from 20172021. (Data fronEOLakeWatch, 2022
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An ERkspecific to bloom toxicithas not been established. Rather, bloom biomass is used as a proxy to
evaluate toxicity, under the broad assumption that a larger bloom may generate more cyanotoxins.
Although it is understood that the bloom size and toxicity are not inherently linkedblitom size may
serve as an indicator of toxicity. There are numerous (116) monitoring stations that measure cyanotoxin
concentrations Figure22), all of which measure the most common class of cyanotoxin, microcystins,
but typically do not measure other cyanotoxins or discern betwdiffierently structuredmicrocystins
(microcystin congeners). Additionally, the methods used to analyze microclatresbeen developed

to meet programspecific needs by the entities conducting the monitoring arelnot standardized or
consistently employed across monitoring statioAs.assessment of the overall status of cyanotoxins in
the western Lake Erie bagirdistinct from the cyanobacterial biomass ERVill require careful
consideration of methodological variability to synthesize these dispatata and generate meaningful
insights
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Figure22. Monitoring stations where cyanotoxins are measured (H&&kxinggroup,
September 2021).

3.3.2 Interpretationof Observationg Cyanobacteria/HAB20172021

From 2017 to 2021, HABs in Lake Erie have been variable and have not maeg&tehresholdof

<9,600 MTof cyanobacteria biomassorresponding t@ 2.9 bloom severityin any year. Broadly
speaking, improvements in HABs would not be expected, based on the understanding that HABs are
driven largely byMaumee Rivespring phosphorus loads, which similarly have adetlinedand did not
meet the 40% spring TP and SRP reduction targets

NOAA produces a bloom forecast each year to anticipate the bloom severity. The forecast is based on an
ensemble of loadingnodels Figure23 shows actual and forecasted bloom severitytioe 2017 to 2021
assessment period. NOAA reassesseafioachat the end of eaclyearto makeimprovements in
forecastingcapability
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Figure23. Actual and forecasted bloom severity index (NOAA) from 2002 to 2021.
Orangebox plots represent forecastdaloom severity andblue bars represent observed
severity2017 to 2021 are highlighted as the current assessment period for-¥eab
BinationalAM Evaluation.

Observations regarding loading and bloom severity during the assessment peitdo the
complexity of the system and the influence of factors like vandtiming ofthe phosphorus loading.
Figure24 comparesMaumee River spring TP and spring SRP to the bloom sevestgxpactatiorof
bloom severity changing with spring phosphorus weserally the case from 2017 to 2021, with the
interesting exceptioaof 2020 and 2021.

In 2020, the Maumee River sprifi@ load was higher than in 2021 and the spring SRP load was similar
(though slightly lower), yet the 2020 bloom was noticedbis sever¢han in 2021. In 2020, strong
September winds (including a day with 40 mph winds) dispersed the bloom and it weakened rapidly
after its late August peak (Stumpf et al., 2020). The 2021 bloom similarly weakened following strong
winds in September, but rimtensified following a period of calmer winds and warmer waters (Stumpf
et al, 2021). Although the Maumee River sgrighosphorus load was relatively low in 2021, a
disproportionate amount of the load was from July (Maumee spring SRP in July 2021 was the third
highest July load recorded since 2008) (Stumpf.e2@R1). 2018 also had a considerdlls severe

bloom than 2021 despite similar Maumee River spring phosphorus loading. The 2018 Maumee River
spring phosphorus loading was disproportionately delivered early in the season (March and April), with
very low loading in July (Stumpf et,&018).
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Figure24. Maumee River spring TP and spring SRP, respectively, plotted with bloom
severity (NOAA) on the secondary axis. (Data from ErieStat).

Spring phosphorus load reductions during thgearevaluationperiod havenot met targets and have
not been extensive or consistent enoughevaluateHABsesponse tachanges inoad.

3.3.3 Priorities for Monitoring, Modeling, and Reseatc@yanobacteria/HABs

Extensive monitoring, modeling, and research progress has been, readkling evaluation of GLWQA
Annex 4 LEOs and also informimgrovedAM toward LEO attainment, bdilling key datacould expand
evaluation and advance our understanding of Lake Erie HARBsHABw/orkinggroup identified
numerous monitoring opportunities to fill priority monitoring gaps, including extegatemote sensing
analysigo Lake St. Claiweeklyor biweekly monitoringdf in-lake nutrient concentrationéncluding
nitrogen speies and silidaand a longem-situ monitoring season with more frequent data collection
(Lake Erie and Lake St. Clair Harmful Algal Blearsnggroup, 2021). The HABgrkinggroup

further recommended the development of a binational HARmitoring plan so data gaps can be
addressed in a consistent manner (Lake Erie and Lake St. Clair Harmful Algav@idongggroup,
2021).

3.4 ALGAICOMMUNITYCOMPOSITIOM NEARSHORNATERS

Algal community composition and abundance points to the trophic status of the lake. Additionally,
assessing the algal community composition may facilitate detecting subtle ecosystem changes
(Environment and Climate Change Canada andEadv8onmental Protection Agen¢2022).

LakeEcosystem Objective (LEO B)aintain algal species consistent with healthy aquatic ecosystems in the
nearshore waters of the western and central basins of Lake Erie.

Performance measureMaintain a healthy algal community composition in Lake Erie and Lake St. Clair,
ERIIndicator(s)/metric(s) under consideration

3.4.1 Summary of ObservatiogdNearshore Algal Community Composition, 22071

A designated ERI has not yet besstablished to track progress toward the Lie©algal community
composition in nearshore waterbut it is important to consider how the algal community structure may
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be shifting in response to changes in nutrient inputs. There are over 150 stations in the Lake Erie basin
(including Lake St. Clair and some tributaries) where samples are collected to assess algal community
composition, most of which (117) analyze samfitesa comprehensive count of all algal species. Other
samples are analyzed for major algal group distribution or overall phytoplankton biosassnber of
factors make comprehensive assessment of algal community composition difficult (rapid changes in
time, spatial patchiness, methodological and taxonodifierences across monitoring prograjnand so

it is important both to consider the comparability of data used for analysis and also avoid over
interpreting shortterm changes. However, consistent sampling (locations, timing, collection/processing
methods, etc.) can provide important indications of ngang ecosystem conditions.

9t ! D[ Biotody Moditoring Program collects phytoplankton samples twice a yAgril and
Augustat 20 stations across Lake Erie. This program is the longest taxonomic record of algal community
composition for Lake Erie. Findings from the last 20 years of monitorihg western basiare
presented inFigure25. There is wide variability in community composition by year, but spring is
dominated by diatoms while summer tends to be dominated by cyanobactan2017¢ 2021,
cyanobacteria accounted for the greatest proportion of phytoplankton in 2017, which was algedhe
with the highestHABseverity(thoughsamples were not collected R020due to the COVIR9

pandemig@. Cyanobacteria in recent years have accounted for a lower proportion of summer
phytoplankton than in years prior, but this observation is not necessarily indicativparbestentshift

in community compositiomand continued evaluation as additional data become available is
recommended¢ KSasS RIGI 2yf e {&, ciNBanbcampasitoy thd dayki® gainple
was collecteddf four years in the 20172021 evaluation periodand additional data sources and years
of datashould be analyzeldefore concluding there has been a recent, large shift in algal community
composition
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Figure25. Relative abundance of phytoplankton growgmslected in the Western Basin
of Lake Eri® [ b t GréatlLake8iolog/ Monitoring Program. 2017 to 2021 are
highlighted as the current assessment period for tRéear BinationahAM Evaluation
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3.4.2 Interpretation of ObservationgNearshore Algal Community Composition, 20021

Limited data are available for the current assessment period, but the 2022 State of Great Lakes Report
identified the status of phytoplankton in Lake Erie as poor with aytar deteriorating trend, pointing

to the western basin cyanobacterfgnvironment and Climate Change Canada and U.S. Environmental
Protection Agency, 2022).

In addition to the open watecyanobacteridbloom discussed in Section 3.3, nearshore, localized
cyanobacteria blooms may have a significant impact on nearshore ecosystems and communities. Spring
TP and SRFE0%phosphorudoadreductiontargetswere established for priority tributaries to address
localized bloomsmeeting these reduction targetsould in turn be anticipated to have positive impacts

on algal community composition.

Generally, phosphorus reductidgargetswere not attained over the assessment periéigure26 shows

a summary of spring TP and SRP load reductions for tributaries that have targets. From 2017 to 2021,
phosphorus loads from the Portage River were consistently below the basétioeiding four years

that met the TP target and three years that met the SRP target. The only other tributary that met TP
and/or SRP targets was the River Raisin for both TP and SRP in 2021. The combined average loads from
2017 to 2021 for the four tribtaries with targets decreased by 24and 8.96for TP and SRP,

respectively, from the 2008 baselin&lutrient-driven changes to algal community composition would

likely not be antigated based on these loathangesAlgal community composition is also affected by
numerous other factors, including food webmposition climate changeand invasive species.
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Figure26. Spring TP and SRP reductions, from the 2008 baseline, for the four tributaries
that have established spring phosphorus load targets. Because the chart shows
phosphorus load reductions, a negative number indicates an increase in phosphorus

load. (Data fronErieStat).

4The Portage River baseline is 2011 rather than 2008, based on data availability and projected comparability
between 2008 and 2011 (Ohio Domestic Action Plan, 2020).
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3.4.3 Priorities for Monitoring, Modeling, and Reseatdtiearshore Algal Community Composition

EPAD [ b t Gr&afiLakeB8iologs Monitoring Program has one of the only leteym basinwide

databases (1988 present) for Lake Erie. The HABs working group recommended establishing additional
longterm monitoring stationaisingstandardizel sample collectionprocessingand taxonomyLake

Erie and Lake St. Clair Harmful Algal Blooms Working Group, 2021).

3.5 HypPoOXIA

Bottom water typoxi (defined agdissolved oxygenoncentrations< 2 mg/L) develofs seasonally in
[ F1S 9NRSQa Hashgei dkgular ockudrénge sihcy & least the late 1950s. Updated
phosphorus load targetsere establishedn 2016 with thegoalof reducing the severity of these low
oxygen conditions in the central basin.

LakeEcosystem Objective (LEO H)inimize the extent of hypoxic zones associated with excessive phosph

Performance measurev SRdz0S (KS SEGSY(d FyR RdzNI GAZ2Yy 2F Gf
Hypoxia ER&nd target threshold: Averagehypolimniondissolved oxygen (DO) levelthe central basin
from August to September is at or above 2 mg/L.

|l @8LR2EAO T 2ySa IINB Oz2ftf2ljdAaltfte NBFSNNBR (2 +Fa aRS
of the organisms that typically live in the colshttom waters. Fish maye displaced from preferred

habitats or experience direct mortality during hypoxic episodes (Kraus et al.. ZDd@nisms with

limited or no mobility cannot leave the hypoxic zone and can die fiemiucedoxygen supplyPublic

water systems incur additional treatment costs to mitigate undesirable taste and aesthetic problems

associted with hypoxic water when it enters drinking water intakes.

Modeling has shown thatissolvedoxygen(DO)in Lake Eri@ & O S y thphblifnnioadecieksgs with
increasingTPloads, and that the annudlPload to western and central basins is the most appropriate
load scale to use to predict hypoxia. However, physical paramiteiglingtemperature, wind,
currents and stratificatioralso play key rokein formation of hypoxiaso a range of hypox&patial and
temporal extentcould be expected from a given phosphorus load.

3.5.1 Summary of ObservatiogdHypoxia, 2012021

The Annex 4 Subcommittee identifiachumber ofERI metrics that would be appropriate to track
progress toward the hypoxia LEOt focused on theneanAugustc September hypolimetic DO
concentration as the metric used for modeling and establishing a phosphorus reduction target, with a
target of 2 mgL

EPAGLNPQ& [ 1S 9NARS 54 &42t O SchBledskatedcSlymn arafileofiPONaAdy 3t NP :
temperatureF N2Y wmn adl GA2ya AasfapproximdtelyBderkSn@d/als@Q@iggitned € o a A
stratified season (JuneOctober)each yearBased orthese data the hypoxia threshold was met in

three out of the five evaluation years: 2018, 2019, and 2020, as showigare27. It should be noted

that the 2020 survey differed from other years due to COBEssociated sampling limitations: five

stations(in U.S. water onlylvere sampled instead of the typical ten stations.
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3.5.2 Interpretation of ObservationsHypoxia, 201-2021

Concentration ohypolimnetic meanDO in the central basin exhibiteshnualvariabilityandmet the ERI
targetin three yearsluring the evaluation period despitee annual phosphorus loading target of 6,000
MT not beingmet. This perhaps unexpected resuiy beexplained by the strong influence that
physical factors have on hypoxia, beyond the impadi@ioad.

Another complicating factor is that hypoxic conditiaare dynamicyarying over differenspatial and
temporal scalesywhich requires synoptic monitoring approachédhe GLNPO Lake Erie Dissolved Oxygen
Monitoring Progranwas designed to monitor a relatively homogeneous area of the central basin,
intended to reduce spatial variability and aid in the assessment of changes to oxygen delititthe
hypoxia metric used in the 1970s and 1980#&r time(Figure28; Rosa and Burns, 198%ore recent
research suggests that hypoxic conditions first develop in hearshore areas the hypolimnion is

thinner and has less oxygen to start withefore extending offshoréRowe et al 2019 Valipour et al,

2021). Therefore, it iskelythat the data obtained through the annu@LNPGurveydo not fully

capturethe hypoxic conditions in the central basin of Lake Erie.
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Figure28. GLNPO Lake Erie Dissolved Oxygen Monitoring Program survey locations,
overlaid on bathymetric map of Lake Erie (U.S. EPA, 2023).

3.5.3 Priorities for Monitoring, Modeling, and Reseatdtiypoxia

There are opportunities to improve the ability to characterize the extent/severity in hypoxia through
coordinated monitoring, incorporation of additional hypoxia metrics, and continued development of
hypoxia models. Numerous monitoring programs for hyptaiae beerinitiated in recent yearacross
Lake Erie that providecreasinglysubstantial coverage dhe central basinbut a mechanism to

compile these monitoring resultsas not yet been developeddditionally, finerscale eventsnore

limited in space antime may be missed with current monitoring programs. AttendeethefOctober
2021 hypoxia summit recommended sustaining shipboard profiles, nearshore to offshore transects,
water-column moorings, and bottom loggers over at least five years, and further recommended
coordinating monitoring efforts annually.

It may be appropriate and useful to consider additional hypoxia metrics beyond the average August
SeptembemeanDO concentration. The Annex TaskTeamselected this metric, but also identified

the average summer hypoxic area and the number of hypoxic days as ERI metrics that could respond to
evaluationof LEO attainment. Evaluating additional metrics would be more feasible as increased
monitoring data are available, and monitoring efforts could be designed to adequately report on the
selected metricsin addition to the ERI metrics, the hypoxia summit proposed additional metrics,
including hypoxic volume and duration of hypoxia at selecatiors. The summary report from the

hypoxia summit emphasized calculating and comparing numerous alternate metrics to understand if
they reveal similarities or differences in the assessment of hypoxia ti@ddgman et al., 2022)

Of the three ERIs and associated loading reduction targets developed by the 201odetieffort
(Scavia et al. 2016) and Anne®bjectives andlargetsTaskTeamrecommendations, hypoxia had the
largest degree of uncertainty as represented by variability in the-teagonse relationshipf the
includedmodels.Recentadvances in our understanding of the drivers of hypawimbined with
improved models and expanded dadgailabilitypresent the opportunity to reducéhat uncertainty.In
turn, the hypoxia summit participants recommended that modelixighe phosphorus loathypoxia

Binational Adaptive Management Evaluation for Lake Erie (20217) 38



responsebe revisitedand potentiallyappliedto additional metrics to better understand the role of
nutrients and algal growth in the development of hypoxic conditions.

3.6 NUISANCALGAE

Flamentous green algagrows on hard substrates in all of the Great Lakasrelinefouling by
decayindilamentous algaéprimarily Cladophorain the summer months was a common phenomenon
in the lower Great Lakes as far back as the-Bfith century(Taft and Kishled973) Targeted research
in the late 1970s concluded thphosphorudoad reductions wouldeducenuisancealgaegrowth (Auer
and Canalgl982). In Lake Erie, reports of shéire fouling began to increasaggain inthe mid-1990s as
Cladophoraeached or exceeded nuisance leviglowel| 1998) Cladophoraemains broadly

distributed along much of the north shore of the eastern basin of Lake Erie, as well as along offshore
shoals with sufficient hard substrate f@ladophorattachment(Environment and Climate Change
CanadandU.S. Environmental Protectidkgency2022) Empirical and anecdotal evidence suggests
that recent biomass levels in Lake Erie are comparable to those obdgertiezi1960s and 1970s when
conditions were considered problematic.

With the resurgence of the nearshore algal problem in some areas and with other changes in the
ecosystem (caused by invasive species including Dreissenid massed as climate and land use
change)Cladophorananagement has become more comp(ékggins et al2008 Auer and Bootsma
2009 McCusker et al2023) The lack of consistentCladophoramonitoringframeworkhas been cited

in the pastas a major impediment tanderstanding the status and trend$ Cladophoran the Great
LakegEnvironment and Climate Change Canada and U.S. Environmental Protection 202Bcy
Ciborowski2016) Reductions in phosphorus loading to the western and central basinexgected to
reduce open lake phosphorus concentrations in the eastern l{&sinex 4 Objectives and Targets Task
Team 2015) However, at the timethe reduction targetsvere set, it was unclear what the impacts of
these reductions would be omearshorenuisance benthic algal blooms, mostly causecladophoran
the eastern basin. In additioft,was unknowrwhether additional reductions in phosphorus loading
FNRY a2dz2NOSa Ay [F1S 9NARSQA S| &GS Nyupportingekigdnces S NB
Canada and th&nited Statecommitted to reevaluate the viability of settingnd/or revisingscience
based numerialgal and phosphorusrgets for the eastern basin.

In 2017, a binationaCladophoraesearch plan was initiated to coordinatesearch ananonitoring

which would support future efforts to develop targgSiborowski2016) Synthesis of work completed
under the research plan revealed a significant degree of complexity bet@etophorebiomass and
potential driversof Cladophora growthincludingSRP, lighavailability dreissenids, and substrate
(Environment and Climate Change Canada and U.S. Environmental Protection, 2g2advicCusker

et al, 2023) In 2020the Annex4 Subcommittee formed the Lake Erie eastern basin task team. The
team was charged with assessing whether current science is sufficient for development of binational
phosphorus load an@ladophoréargets to meet the GLWQA Annéx EOdor the eastern basin.

The Lake Erie eastern basin task team developed a recommendationsire@6&Q which concluded
that though important advances in understanding the environmedtaders controlling growth of
benthic algae habeen made since the 2017 research pleas developedscientific consensusas that
the development of additiongdhosphorudoading targets for the eastern basin at that géwas not
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supported The report summarizkthe available scientific knowledge and descdlaglditional research,
data collection, data analysis, monitoring and modeling required to assess, develdprazet! be,
establish new or revised nutrient targeds a future timeto address nuisanc€ladophoragrowth in Lake
Erie

Continued esearch to date has focused on understanding driveGlaflophoragrowth, including

specific interactions of Dreissenid mussels, nutrient loading, and light availallignCladophora

blooms undergo sloughing events, decaying organic matter washes up on beaches, clogs intake pipes,
and acts as an incubator for bacter#foughed material exerts significant impacts on the health of

human and animal populationshoreline ecosystems, infrastructure, and recreation and tourism
industries.Relationshigs betweenCladophoragrowth and the extent of washup on beachesot yet

well understood.

ThelLake Erie eastern basin task team ideetitwo potential ERIs that may be appropriate in tracking
progresgowards relevant LEOSs in the eastern basin:

1) Cladophoraiomass in nearshore blooms; and
2) Cladophoraiomass washed up on shorelines and found in water intake pipes.

Although potential ERIs have been identifisdecificmethods for estimatindpiomassbasinwide have
not been defined. Specific challenges in monito@igdophorébiomass bothin-situ and washed up on
shorelinesinclude improvingthe accuracy with which areal biomass can be determined sétRllite
imagery andthe development of sampling / measurement methods and approaches thaidngst in
the face ofspatial and temporal variabilitfsome progress oim situassessment has been made while
large scale shoreline assessmeottsvashupare lacking.

Prior to the initiation osentinel sitemonitoring in 2012, assessment@fadophoradn eastern Lake Erie
was done on an atioc basis from 1995 to 2010 (Environment and Climate Change Canada and U.S.
Environmental Protection Agenc3022) as exploratory monitoring and research and in response to
regional concerns. Biomass was measured infrequently between 1995 andap@i®froma significant
effort in 2001¢ 2002 comprising the most spatially comprehensive data set for Lake Erie (Environment
and Climate Change Canada and Bn8ironmentalProtection Agency2022). Since 2012, regular
assessment of biomass has occurred-attfansects in the vicinity of the Grand River, extending
eastward to Port Colborn@®ntario ON) by ECCC (McCusker et 2023). Since 2018, two transects on
the US shore have been assessed in the vicinity of Erie, PA and Dunkirk, NY (Retlybgtal., 20203
202M).
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Figure29. Cladophorébiomass measurements in Lake Erie, 20022. Contains
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Currently, according tthe 2022State of the Great Lakes Report (Environment and Climate Change
Canada and the U.S. Environmental Protection Agency Zlaé@pphoraassessment, the status of Lake
Erie (including the St. CI&rS G N2 A (i  wA @S NJs(OAD 2¢3KeSa (NSSYLU2 NiTia  FUHZBRIZKNS NJ Y 2 (]

1 Monitoring of 4- 5 transects between Port Dover, ON and Port Colborne, ON since 2012
demonstrates that biomass is variable from y@tyear butremains at or above nuisance
conditions(50 g dry weight / rhlakebed; at mostshallowsites samplegdwhereasdeeper sites
(>3m) are generally below nuisance conditions

1 Both offshore andhearshore, localizeghosphorusconcentrationsare implicated in high growth;

9 There is no indication of trends improving or worsening from 2P0%9 in Lake Erj@wing to a
largedegreeof interannual variation

Canada and the tited Sates continue toconductsentinel ge monitoring(Figure29). Sentinel site
monitoring has been conducted at priority nearshin@nsectsin Lake Erie by ECE&iGce 2012Since
2018, the USGS has monitored 3 sites in the lower four Great Lakiesluding 2 in Lake EriEfforts

are also underway to evaluate the effectiveness of autonomous underwater vehicles (AUV) and
remotely operated vehicle (RO¥jounted optical sensors for determinir@@adophoraiomass and
distribution. While these will not be as synoptic as satellite imagery, shelg higher resolution data on
Cladophora biomass along with habitat characterizatamg will allow for greater spatial coverage than
conventional grab sampling methods.

4 |AKERIEECOSYSTEMODELSRESEARCH AIMDLLABORATION

Continued refinement of models based on research and monitoring allows us to better predict the lake
response in each basin to future nutrient management actions, which helps us to optimize those actions
for the greatest sustained improvement in the shat@mount of time at the lowest cost. Effective
collaboration maximizes advances among a distributed binational set of teams and minimizes
duplication, delays, lags, and gaps.
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4.1 INTRODUCTION

Since the release of the Annex 4 Subcommittee phosphorus targets for Lake Erie and the supporting
information in the binational study and modeling report (Annex 4 Objectives and Targets Task Team,
2015; Battelle, 2016), advances and progress in numeriodketing, lakerelated research, and

binational collaboration have refined the understanding of the impacts of excess nutrient loading on
Lake Erie. At the same time, some research has showresigtingconceptual models for how certain

parts of the syste operate may be too simple or inaccurate, particularly related to loading from the St.
ClairDetroit River system and associated impacts to Lake Erie. Several areas of scientific progress and
collaborative activities since 2016 are described briefly hémmrdinatedbinational activities will

continueto be incorporated though AMto make sure that the latest science is being brought to bear

on improving Lake Erie.

4.2 PROGRESS IN MODELING ECOSYSTEM RESPONSE

Research groups in Canada and tthéted Statedave continedto improve understanding of Lake Erie
viacoordinated monitoring and modeling. As monitoring results and experiments refine the description
and understanding of nutrient cycling and biological responses at greater resolution, numerical models
have been improved to reflect this understanding. Thedels, in turn, have helped guide where
additional monitoring should be conducted and what types of experiments aregudedetter

constrain model fanulations and improve model outputs for nutrient reduction scenario simulations
and ecosystem response forecasts.

In-lake bloom processes have been examined as they relate to the influence of nitrogen and other
factors on bloom growth and toxicity (Chaffin et al., 2018; Newell et al., 2019; Palagama et al., 2020).
Scavia et al. (2016, 2019a, 2019b, 2019c, 2020, 202P), Bocaniov and Scavia (2018), Bocaniov et al.
(2019), and Dagnew et al. (2019) published results of new modeling and monitoring studies that expand
understanding ophosphorudoading from the St. ClaDetroit River system to Lake Erfamong the

findings of these studies was evidence that resuspended sediment carried from Lake Huron to Lake Erie
through the St. ClaiDetroit River system may be providing particulptedsphorudoads that have not
previously been well documented.

Arhonditsis et al. (2019a and 2019b) reviewed Lake Erie watershed and lake models and monitoring and
made recommendations for their use &AM. Burniston et al. (2018) published results of a collaborative
binational project to directly measure nutrient loads in the St. eDeitroit River system. Liu et al. (2020)
synthesized weekly itake monitoring data and satellite data collected betwee@&@nd 2017 with a

goal of moving toward HAB toxicity forecasting (Zhou et al., 2023). Andersorf2ii2dlg 2021b) made

novel in situ timeseries measurements of phosphorus release from central basin sediments in
association with the development of bottomater hypoxia, and others have done studies on nutrient
processing in river mouths including Sandusky Bay éBalk 2018; Hampel et al., 2019). This collection

of studies has refined conceptual models, modeling frameworks, and management approaches.
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4.3 OTHEAPROGRESSWNDERSTANDINGABRESPONIRELATIONSHIPS

Watershed models exist for the St. Glaietroit River system, Maumee River, Portage River, and Grand
River, among others. Mechanistic lake models exist for the western basin (Verhamme et al., 2016), the
central basin (Rowe et al., 2019; Bocaniov et 8ll,62and 2020; Valipour et al., 2021), and the eastern
basin (Valipour et al., 2016 and 201®)_ake ErieLimnoTech completed a new whdblke model
(LimnoTech, 2021). Kuczynski et al. (2020) published an imp@iaddphoranodel that incorporates
selfshading and other mechanistic enhancements; these refinements were incorporated into

[ AYY 2 ¢S Ofaleanodel KTad nBw models have been used to develop hypothetical management
scenarios and to test the sensitivity of the lake to changes in particutapanents of the ecosystem or

of human drivers and tributary nutrient loads.

NOAAuses satellite images and weathaériven models to prepare twiceeekly bulletins throughout

the summer algal bloom season as an operational product. NOAA also produceseagoa ensemble

model forecast and a posteason comparison of HAB model preitdios to observed conditions.

Coordinated wholebloom samplindii KS & | | .was dénblih ihe western basin in 2018 and 2019

to getintensive spatial measurements the summer bloomat two different timepoints(Chaffin et al.,

2021) to improve process understanding of blooms and to serve as modeling targets (Zhou et al., 2023).
TheUnited Statesand Canada participated jointly in the 2019 sampling event. Planning for future joint
sampling events like this is underway, and the approach was adapted into a coordinated pilot winter
sampling effort across all five Great Lakes in 2022.

Central basin hypoxia monitoring has been conducted most intensively since the 2014 Cooperative
Science and Monitoring Initiative (CSMI) field yeaGihyNP@Xu et al., 2021; Tellier et al., 2022). The

City of Cleveland has also monitored hypoxia near its water intakes since 2014. These monitoring
programs supported a modeling project by CIGLR and NOAA (Rowe et al., 2019%uwithichprior

research by Scavia et al. (2016), Rucinski et al. (2016), and Del Giudice et al. (2018). The modeling
program deveabped an experimental shoterm hypoxia upwellindorecast product to inform drinking

water plant operators and other stakeholders, but it was not designed to produce a seasonal forecast. A
seasonal forecast would likely require winter and early spring monitoring of diatom biomass in the
western basin ad central basin, which is not routinely performédS ¥ 2 NB D[ bt h Q& & LINRA Yy 3
April. Summer stratification would also be an important component of a seasonal prediction, but this is
not possible to foreast accurately at a seasonal scale.

Annual summaries of hypoxic area or volume are not produced at present (Stow et al., 2023), although
an operational monitoring program, especially with sensors that report in real time rather than after
physical recovery of loggers and downloading of detald produce irseason reports similar to those
produced for HABsAn intercomparison study of three mechanistic models from Canadian and U.S.
researchergvaluatedthe performance of the three models in comparison to monitoring data and to

each other (Bwe et al., 2003) and found significant variations in simulation results. Fish telemetry data
have been used to study fish movement as it relates to the presence of hypoxic water in the basin (Kraus
et al., 2023).

Eastern basin macroalgae spatial coverage and biomass are not consistently monitored or reported for
the whole basin, although related researahd monitoringprograms have been conducted or are
underway byECCQCValipour et al., 2016; McCusker et al., 2028 CRChomicki et al., 2016), Michigan
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Tech Research Institute (MTRI; Brooks et al., 2015), and$i@&SWimmer et al., 2019; Przybylgelly

et al., 2020; Depew et al., 2022). The MTRI methodology using remote sensing has been applied
retrospectively to create a macroalgae time series at select sites (e.g., Ajax, Ontario), and could be
applied annually to prduce a summary of the maximum extent of coverage.

4.4 OUTREACH ANEDMMUNICATION

Many government and negovernmental organizationsrovide outreach and education to the Lake

Erie community. Agency and academic researchers and managers who work on Lake Erie topics
routinely advise these organizations on developments in their disciplines. This allows research advances
and products to beshared with potential users and impacted individuals and communities as quickly as
possible. Binational coordination and communication through the GLWQA Annex 4 Subcommittee and
associated task teams amebrk groupshelpsadvance the goal of effective technology transfer and
improvedpublic awareness

441 DAPAM Qollaboration

In 2015, Ontario, Michigan, and OHamedthe Western Basin of Lake Erie Collaborative Agreement,

committing to reduce nutrient levels entering the lake by#lly 2025, compared to 2008 levels. Their
2018DAPssupported the federal plans and the Annex 4 Lake Erie Binational Phosphorus Reduction

Strategy. Examples of updates and communication products associated with these commitments include

the updated Ohio 2020APa A OKA Il yQa ! RIFLWAIA PGS al ylF 3SYSyiiatot £y ;:
Lake Erie (202 1andthe CanadeOntario Lake Erie Action Plan (8D1These plans were prepared in

consultation with the Annex 4 Subcommittee and Task Teams, as well as with consideration of

comments provided on draft versions from interested individuals and organizations.

4.4.2 Binational andnter-agencySienceCollaboration

Federal, state/provincial, and academic agencies and institutions have collaborated extensively on Lake
Erie monitoring, modelingand researcin the last five years, as mentioned above. Coordinated

sampling and experiments have been performed in CSMI field years in 2014 and 2019, and planning is
underway for 2024. These fielgear activities are conducted response taesearch priorities and data

gaps identified by théinational Lake Erie Partnership Management Commjtiggich emerge from

pressing management challenges.

Centralized reporting of regime data from the lake and some tributaries, as well as operational model
outputs (waves, currents), is coordinated by the Great Lakes Observing System (GLOS). A binational
GLOS ffiliated fish telemetry array (X&m grid) that is used for tracking tagged fish in Lake Erie is
maintained by the Great Lakes Acoustic Telemetry Observing System (GLATOS; Kraus et al., 2018).
Monitoring activities by agencies and institutions are augmented by efforts such as the Lake Erie
VolunteerScience Network, a regional binational community of practice organized by the Cleveland
Water Alliance that empowers community members to collect, share, and engage with water quality
data for the conservation of Lake Erie for the benefit of its residemt&prs, and managers.
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4.4.3 Participation irResearchSymposia

Federal and state or provincial organizations participate regularly in seminars, workshopsjts,and
conferences to hear the latest results from their colleagues and learn about advances in understanding
of watershed and lake processes and effective management actions. Ohio Sea Grant organizes an annual
Understanding Algal Blooms: State of the Science ConfeireSeptember, and webinars and public
meetings are presented throughout the year by various organizations that play a role communicating
Lake Ee science and management to audiences with a range of scientific expertise. Additional examples
of recent research symposia with binational participation include the following:

1 International Association for Great Lakes Research (IAGLR)
0 IAGLR 64th Annual Conference, virtual, May 172021
o State of Lake Eri€onference, Cleveland, Ohio, Marchllg 2022
o Joint Aquatic Sciences Meeting, Grand Rapids, Michigan, M2§, 2D22
o IAGLR 66Annual Conference, Toronto, Mayl, 2023
1 CIGLR Virtual Summit: Lake Erie Central Basin Hypoxia: State of the Science Review and Approaches
to Track Future Progress, October 2021
1 International Joint Commission (1JC) Nutrients Synthesis Workshop, virtual, OcteR@rZ® 1
1 Great Lakes HABs Collaborative webinatt®$.//www.glc.org/work/habg

5 RECOMMENEDPRIORITIES FOIRPROVIN&/ALUATION

5.1 INTRODUCTIGNKEYAREAS OFOCUS

This section presents recommended priorities for improving understanding of the response of Lake Erie
to nutrient managementefforts. In line with the charge of thAM Task Teanthese recommendations

focus onimproving capacity to better predict the effectiveness of nutrient management efforts in
achieving nutrient related LECend understandingnow the watershedand lakeare responding to

changing conditions, rather than specific actions to reduce phosphorus loads and/or improve watershed
health. Specifically, theseecommendations focus atie following objectives:

1 Reducing uncertainty to better predict manageméoadingresponse relationships
1 Providing information to inform futur@rogress evaluation aneview of objectives and targets

1 Providing information that would be useful for future DAP refinements/domestic actions

5.2 RECOMMENEDPRIORITIES

BinationalAM Evaluations are slated to be conducted every five years, based on the process outlined in
the AMF. Evaluations are dependent on prior and ongaingitoring, modeling, and researdifforts.
Completing the next round of thevaluation will depend otthe continuingrefinement of those efforts.

There are numerous opportunities to enhance the ability to assess progress with targeted
recommendations fomonitoring, modeling, and researciihese recommendations were developed by
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the AM Task Team and are supported by the work of collaborative efforts under Annex 4, specifically,
the recommendations from:

9 The Loading Calculations Technical Symposium Summary Report (Apxil 2017

T 1. &a ¢2NJ Recanmamd&iazsIor Binational Monitoring of Harmful Algal Blooms in Lake
St. Clai{November 2021)

1 The 2021 hypoxia summit summary repprt { S 9NASQa aSlhazylf RAaaz2ft gdSR
the science and approaches to best inform future understar{tiogember 2022)

f Lake ErieasternbasintasktS | YReé&ommendations Report: Assessment of Current Science for
Development of Binational Targg®ctober 2020)

f 5FdGF FyR Y2RSft ADfaltRec@mNkniafichs fa M@VzLdDEion(March 2023)
5.2.1 Overarching Recommendations

The following recommendatiordescribekey areas of focus fduture work to support AM in Lake Erie

1 Consider expanding ERIs to improve ability to evaluate progress toward achievingddedsting
for evolving improvements in data coverage and quality.

1 Refine and improve methods and models to better evaluate load and ecosystem response
relationships

1 Conduct more formalizednd regularly occurringrocess for developing and testing hypotheses of
loadingecosystem response relationships to help identify key uncertainties and gesdarch,
monitoring,andmodeling efforts.

1 Coordinate monitoring efforts to improve comparability of data with a focus on improving capacity
to:

Evaluate lake response to nutrielotading.

Develop and refine ecosystemodels

Support improvements in existing monitoring technologies aredhods
Support development of emerging monitoring technologies and methods
Identify knowledge gaps and inform research priorities

O O O O O
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5.2.2 Monitoring, Modeling, and ResearRecommendations

The Adaptive Management Task Team develagetdiled suggestions for implementing monitoring, modeling, and research recommendations.
Theserecommendationsre organized by topigzresented m the report, am informed bythe findings of this evaluation as well as the reports
and recommendationproduced by the AMTT working groups

General
Recommendatios

DetailedSuggestions

Rationale

Trophic Status

Standardizevater sample
collection

A Integrated samples at all stations to accurately characterize condit
to the thermocline or sediment.

A Discrete samples, including at the surface and bottom of the watel
column, should be collected at select priority locations to capture
variability in the water column.

A Analysis should consistently include nitrogen species and silica (in
addition to phosphorus).

Algal biomass at the surface may not bg
representative depending on wind
conditions. Different monitoring
programs have different sampling
protocols.

HABs/Cyanobacteria

Refine existing lonterm HABS monitoring programs:

Extend HABs sampling
season

A Extend sampling season from April to Octobeetaluatetemporal
trends in HABs associated with warming temperatures

A Conduct winter sampling to monitor for cyanotoxisd bioactive
metabolites during coolemonths.

Climate change poses challenges for
capturing spring conditionsndthe
entire bloom seasonWinter-earlyspring
diatom blooms and cyanobacterial
blooms under iceand their impact on
summer HABsre areas of uncertainty

Increase sampling
frequency

A Increase sampling for cyanotoxins and phosphorus to weekly or
biweekly during peak bloorseason

Sampling frequency currently vas
between agencies, but increased
sampling (especially during peak bloom
conditions) will provide increased
granularity and ability to assess trends

Refine/expand sampling
and monitoring methods

A Assess toxin sampling comparability and trends across monitoring
programs

A Include cyanotoxin congeners and other nutrients in regular samp

A Conduct fluorescence profiles at all monitoring stations to estimate
biomass

Most existing toxin assays conducted d
not have a mechanism to account for
varying toxicity of microcystin congener
or consider other cyanotoxins, which m{
be present or emerge with changing
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A Continue to calibrate and refine remote sensing technolagies
A Use gqPCR method to better characterize cyanotoxin strains

community compositioninformation on
vertical variability of algae will support
remote sensing calibration/validation an
refinement of algorithms

Coordinate HABs monitor

ing programs to improve comparability

Coordinate sampling
methods

A Integrated sampling at all stations and discrete sampling at selecte
priority monitoring stations with more depths and/or parameters

Using consistent methods will allow for
integration of data from multiple sources

Compareremote sensing
approaches

A Extend remote sensingnalysis and reportingcross Lake Erand
Lake St. Clair

A Assess and document differences in remote sensing methods ar]
resultsbetweendifferent entities working on Lake Erie

A Use hyperspectral flyover imagery when clezaver is present

Different entities use different methods
(satellites, retrieval algorithms, areas of
analysis) for remote sensing of HABs.

Algal Community Composition

Continue and expand
long-term monitoring
stations

A Use a combination of algal specidentification at a subset of station
and fluorometry monitoring to determine major algal groups at
additional stations

Ability toassess status and trends in alg
O2YYdzyAile O2YLIRaA(
nearshore and open watergquires a
long-term, basinwide program

Standardizemonitoring
approach

A Develop binational taxonomy guidance to help standardize sample
collection and processing

A Standardize instruments (e.g., fluoroprobes) and methods used to
expand across the study area

Algae identification can vary from lab to
lab; identification/enumeration is not
practical at all stations, but standardizec
approach can still be used

Encourage and support
development and
implementation of
emerging monitoring
technologies

A Use hyperspectrdlyovers to identify community composition
A Explore automatedaxonomy options

Incorporating advancing technology ma
provide enhanced data collection,
improve consistency, and alleviate
resource constraints

Hypoxia

Support and incorporate
monitoring from multiple
samplingplatforms

A Utilize multiple observing platforms: shipboard profiles, transects,
water column moorings, and bottom loggers.

A Develop a hypoxia dataset (DO and temperature) directory (includ
metadata) to aid in data harmonization

A Coordinate monitoring through interagency meetings before field
seasons

Incorporating data from multiple source
can improve spatial and temporal
coverage of ERI assessment.
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Consider additional
hypoxia metrics

A Evaluate potential metrics (including ERI metrics of spatial extent
duration of hypoxic conditions, plus additional metrics such as
biological or geochemical indicators of hypoxia) on suitability for A
and feasibility with available data; consider hawenitoring
improvements can support reporting on additional metrics

A Provide design specifications for proposed metrics to support
monitoring design

A Compare hypoxia quantification under different metrics

The Annex 4 Objectives and Targets Tg
Team identified three metrics to report
on hypoxia but focused on the summer
average central basin hypolimnetic DO
concentration metric. Additional metrics
can provide clearer understanding of
progress on reducing ppxia, though
different stakeholders may have differer
metrics that are most relevant to them.

Nuisance Algae

Maintain consistent and
coordinated sentinel site
monitoring

A Measure biomass at sites with different light levels relative to
biomass

A Select sites with differing community compositionGiadophoraand
associated benthic algae

A continuous binational data recorsl
needed to mprove understanding of
interannual variability irCladophora
growth and howit is affected by
environmental conditions

Continue investigating
biological and physical
interactions affecting
Cladophoragrowth

A Incorporate neatbed and shallow water hydrodynamics and fluxes,
connections between tributary loading and light availahility

A Quantify phosphorus supply rates from dreissenid mussels for the
eastern basin under a variety of conditions, including the role of
seston composition in dreissenid diet

A Characterize sources of phytoplankton/seston (offshore vs. nearsk
for consumption by dreissenid

A Investigate the role of microbes and dreissenid mussels in nutrient
uptake and organic matter in the remineralization of phosphorus

A Use additional monitoring data to validate dreissenid mussel
population dynamic components of ecosystem models

Additional research, data collection, dat
analysis, monitoring, and modeling are
required to assess and develop nutrient
targets to address nuisan€dadophora
growth in Lake Erie

Investigate the fate of
sloughedbenthic algae

A Develop methods to better quantify the amount of material that
washes onto beaches, and the relationship between washup amol
and inlake growth

A Examine decay rates and transport to determine the importance o
these processes to shoreline fouling and phosphorus budgets

A Work with social scientists and health departments to determine W
level of washup constitutes nuisance conditions and health.risks

Sloughed material exerts the most
significant impacts on the health of
human and animal populations/shorelin
ecosystems, infrastructure, and
recreation and tourism industries. The
relationship betweerCladophoragrowth
and the extent of washup on beachiss
not yet well understood.
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Encourage development
of remote sensing and
emerging technologies

A Employ remote sensing for improved tracking of biomass and acct
for turbidity interference to assess validity, reduce uncertainty in
models, and link itake biomass to shoreline washup and nuisance
conditions

A Improve imagery at sentinel sites

Remote sensing will moreffectively and
efficiently monitor the spatial and
temporal extent of nuisance algae in the
eastern basin

Loadings

Address sampling changes in priotitputaries:

Document changes in

sampling methods and
implications foroading
estimates

A All evaluations of trends and whether targets are met should
recognize tributaryspecific changes in sampling that likely impact Iq
estimates, and that uncertainty should be communicated along wit
evaluations.

Major changes in nutrient concentration
sampling have occurred in several prior
tributaries since 2008. Loading estimatg
based on small sample sizes have a
higher degree of uncertainty and maybe
biased low if days with high discharge
and concentratiorare missed

Set reduction targets for
priority tributaries
without targets

A Eachentity responsible for setting targets for tributaries with
insufficient data from 2008 to use as a baseline should continue
collecting data to accurately estimate loads and use those data to
evidencebacked reduction targetd.his could be done by estimating
2008equivalent loads from years with similar discharge and suffici
nutrient concentration sampling, or by developing ledidcharge
relationships to estimate loads in 2008, for example.

Nutrient concentration sampling in som¢
priority tributaries was insufficient in
2008 to accurately estimate loads from
which to set reduction targets

Ensure tributary water quality sampling is sufficient to accurately estimate loads:

Priority tributaries load
estimates

A Maintain nutrient concentratiorsampling at current levels or monthl
sampling, whichever is greater, along with continuous discharge
records.

A Conduct additional sampling to capture the range of flow and load
conditions. Tributanspecific sampling regimes should be determing
based on 2017 workshop report.

Accurate estimates are needed to
evaluate reduction targets, estimate
trends, and for in lake models and
loadingresponse curves

Lake Huron/Detroit River
load estimates

A Evaluate alternative methods for monitoring acalculating LH/DR
loads and, if necessary, settle on a new method.

A Evaluate ecosystem models to determine impacts of any updates
LH/DR loads on lake response curves.

Accurate estimates are needed to
evaluate reduction targets, estimate
trends, and for in lake models and
loadingresponse curves

Evaluate changes in loading:
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Evaluate loads for
evidence of progresis
nutrient loss reductions in
the watershed

A Flownormalized (WRTDS) loads should be computed annually an
trends analyzed for all tributaries with sufficient data.

Nutrient loading is strongly influenced b
discharge which can mask other changg
and impacts of management actions.
Analyzing loads and concentrations witl
the influence of discharge removed will
provide additional and likely earlier
insight as to whetheprogress is being
made in the watersheds

EcosystenModels & LoadResponse Relationships

Conductannualmodel runs

Utilize asuite of models to
create a robust modeling

approach for AM in Lake

Erie

A Clearly outline what endpoints are being examined in each model
ensure diverse modeling tools with different strengths and
weaknesses are available

A Establish modeling criteria to allow for inteomparisons and
connections between models

A Make model code, documentation, inputs, and outputs publicly
available to increase repeatability, understanding, and preserve
models for future use

Multiple models are necessary to create
robust modeling approach fokM in Lake
Erie

Gontinue investigating
modeling approaches to
develop a better
understanding of the link
between loading and
hypoxia

A Revisit modeling approaches used to link hypoxia to phosphorus |
and identifyprocesses that are most uncertain and require addition
investigation.

A Identify and quantify the sources of both wateolumn and sediment
oxygen demand.

Recent reports and modeling indicate
that central basin oxygen demand may
originate from sources beyond western
basin primary production; atmospheric
conditions anchydrodynamicsnay be
drivers of hypoxia

Include additional parameters monitoring programgo improve understanding of nutrient loagicosystem response relationship:

Includenitrogen species
and silica inributary and
in-lake monitoring
programs

A Monitor both phosphorus (TP, SRP) and nitrogensiNG, NH, TKN,
TN) species, as well as silica for botlake concentrations and
tributary loads

Understand the role of nitrogen species
and silica in HABs development

Evaluate internal loading
as a driver of algal
production and HABs

A Measure proxies for internal loading, including temperature and
dissolved oxygen profiles, and sample for SRP, THN®) and NH
1 m from lakebed

Internal loading may createdelay in
HABSs response to external loading
reductiors.
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7 APPENCIES

7.1 LUTERATURREVIEW SYNTHESIS OF REQPWBI2017)RESEARCH

Introduction

A review of recent literature related to Lake Erie eutrophication is underway including five focus topics:
hypoxia,Cladophoranutrient cycling, harmful algal blooms (HABs), and nutrient loads. The review
includes primarily recent (pos2017) peefreviewed publications for Lakes Erie, along with some
moderately older (pos2005) key papers and topicallglevant articles from oiside the basin or

reviews that covered a broader ge@phy, as appropriate. In addition, a few technical reports (e.qg.,
ECCC andSEPA 2017 and 2020), monographs, and abstracts of recent scientific presentations were
included where peereviewed papers on the topics covered are not available. A total of 115 records
reviewed to date are included in the companion annotated table. &llcdre cited below, but all are
fAa0SR IfLKIoOSGAOFtEte YR OflFdaAFASR | O02NRAYy3 (2
marks in the columns following the citation. Addital referenes are actively being identified.

Short summaries related to recent Lake Erie research on the five focus topics follow, along with a small
amount of related research from other parts of the Great Lakes basin or outside the basin. The
publications reviewed primarily include scientific resdaresults, but policy and adaptive management
elements, as well as specific consideration of factors such as the impacts of climate change are also
included. The table contains short entries on key findings, as well as uncertainties and additional
reseach needs, which are also summarized here. Note that the Great Lakes HABs Collaborative also
released eHABs knowledge gagact sheet in April 2021.

Mechanistic lake models exist for the western Lake Erie basin (Verhamme et al., 2016), the central basin
(Rowe et al., 2019; Bocaniov et al., 2020; Valipour et al., 2021), and the eastern basin (Valipour et al.,
2016 and 2019). LimnoTech completed a newletiake model in early 2021. This whaéke modeling

effort required assembly of a database of load inputs and developed average loads from various data
sources and estimations. An ensemble of models was used to determine the appropriate load reduction
target of 40% to achieve acceptable hypoxia and HAB conditions in the lake. The newest models will be
used in the future to revisit these conclusions, as models integrate data spatially and temporally and
incorporate the current state of process understamglin their algorithms.

In 2015, the Annex 4 Objectives and Targets Task Team identified 17 priority research, monitoring, and
modeling activities to support management decisions and listed critical overarching topics under a
KSIRAY3 2F a2KIO 6S R2 ebthis ajoyt ghosphorustspesiatibnagdi A y Of dzR
bioavailability; the roles of nitrogen, dreissenids and other invasive species, andimeal variability

in hydrometeorology; and whether a 40% load reduction will be adequate to reduce impacts at local

scales fo each priority tributary and receiving water area (e.g., Sandusky River/Sandusky Bay).

Mohamed et al. (2019) also listed key uncertainties that impact the ability to make good management
decisions about Lake Erie restoration.

Hypoxia

Central basin hypoxia monitoring has been conducted most intensively since the 2014 Cooperative
Science and Monitoring Initiative (CSMI) field year by the U.S. Environmental Protection AGeaay

Lakes National Program Office (USERAPO; Xu et al.021; Tellier et al., 2022), although earlier data
also exist (Zhou et al., 2013). The City of Cleveland has also monitored hypoxia near their water intakes
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since 2014. These monitoring programs supported a modeling project by the Cooperative Institute for
Great Lakes Research and NOAA (Rowe et al., 2019), which built on prior research by Scavia et al. (2016)
and Rucinski et al. (2016). The modeling prograreltgped an experimental sheterm forecast

product but was not designed to produce a seasonal forecast. A seasonal forecast would likely require
winter and early spring monitoring of diatom biomass in the western basin and central basin, which is

not routinely performed (Twiss et al., 2012 and 2014). Annual summaries of hypoxic area or volume are
not produced at present, although an operational monitoring program, especially with sensors that

report in real time rather than after physical recovery and dading of data, could be used to create

such summaries.

Apart from small offshore blooms &folichospermunm July (Chaffin et al., 2019), the central basin of
Lake Erie does not typically experience HABs, but it does host large areas of hypoxic bottom water in
summer and early fall. As mentioned under discussion of the western basin, the Detroit Rivevisdoel

to be the primary source of nutrients that fuel diatom and, to a lesser extent, cyanobacteria blooms that
sink into the stratified basin and consume oxygen as they decay. Sediment oxygen demand is also
believed to play a role, along with upward fluxes of nutrients from sediment and bottom waters during
upwelling events. Direct tributary loads to the central basin are smaller than fluxes from the western
basin but may be locally important. A full mechstit understanding of these processes and movements
of nutrients, biomass, and hypoxic water over the spring, summer, and fall has been elusive, but
mechanistic and predictive models have recently been developed to simulate these processes, and the
resolution of monitoring data has also improved (Rowe et al., 2019; Tellier et al., 2022).

Uncertainty related to net climate change impacts in the coming years on stratification and other
hypoxiarelated phenomena is an important factor that is aligned with taking an adaptive approach in
the management of the system. High ice cover in Lake ®hieh requires sustained low winter
temperatures and low winds, has shown no trend over most of the lake from 1973 to 2013, and a slight
downward trend along the Ontario shore over the same period (Mason et al., 2016). Anderson (E.
Anderson et al., 202howed evidence of loaerm warming in deep waters of Lake Michigan, which
YIe Ffaz2 68 GF1Ay3a LIXIFOS Ay 2G0KSNJ fI11Sax odzi Ayadz
The interaction ophosphorusn the Detroit River plume with spring diatom production and summer
cyanobacteria blooms in the central basin is still unclear, as that part of the basin is not well monitored
and important interactions occur in early spring when ice is breaking up, amdsummer when

complex mixing between river plumes takes place. The transfer of biomass and nutrients from the
western basin to the central basin is also not well understood or quantified, but this is important as a
driver o central basin hypoxia.

Cladophora

The eastern basin of Lake Erie is the deepest, and also possibly the least well understood. Growth and
sloughing of excess macroalgae suclkEslophoraare widespread in nearshore areas of the eastern

basin, but the interplay of river loading, shading by river plume turbidity, upwelling of nutrients, and
macroalgaemussel interactions are areas of active research (Kuczynski et al., 2020). Effective ways
reduce nutrient loading to the basin, particularly from Ontario tributaries including the Grand River,

suffer from many of the same challenges as the Maumee River watershed such as insufficient
understanding of BMP effectiveness and of legaloysphoruscycling in the system (Hanief and

Laursen, 2019; Van Meter et al., 2021). Eastern basin macroalgae spatial coverage and biomass are not
consistently monitored or reported for the whole basin, although related research programs have been
conducted or are uterway by Environment and Climate Change Canada (ECCC; Valipour et al., 2016),
MECP (Chomicki et al., 2016), Michigan Tech Research Institute (MTRI; Brooks et al., 2015), and USGS
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(Wimmer et al., 2019). The MTRI methodology using remote sensing has been applied retrospectively to
create a macroalgae time series at select sites (e.g., Ajax, Ontario), and could be applied annually to
produce a summary of the maximum extent of coverdgeczynski et al. (2020) published an improved
Cladophoranodel that incorporates sehading and other mechanistic enhancements. Current

research on macroalgaelated processes, including extensive field elements, is underway by USGS at
stations in La& Erie, among other locations (Wimmer et al., 2019).

Nutrient Cycling

Anderson (H. Anderson et al., 2021a and 2021b) made novel in sittséimes measurements of
phosphorus release from central basin sediments in association with the development of botiten
hypoxia, and others have done studies on nutrient processimy@r mouths including Sandusky Bay
(Salk et al., 2018; Hampel et al., 2019). Recent research lookddsphorudimitation related to lipid
binding in Lake Erie (Musial et al., 2021).

Where present in abundance, invasive dreissenid mussels have caused a nearshore shunting and
benthification of phosphorus in multiple lakes (Hecky et al., 2004). This suggests that mussels trap and
retain phosphorus in nearshore areas and especially ardimataries, thereby increasing benthic

nutrient levels in nearshore areas. Over the ldagn, mussel densities in the western and central

basins have remained low due to unsuitable substrate and hypoxia, while densities in the eastern basin
are much higer but peaked in 2002 (Karatayev et al., 2014; Karatayev et al., 2018). Selective feeding by
mussels on diatoms versus cyanobacteria has been described by Vanderploeg et al. (2001), but modeling
suggests that this is not a major factor in algal bloomnsiy (Verhamme et al., 2016). Basiide

impacts of dreissenid mussels were quantified by Li et al. (2021), and Larson et al. (2020) examined
nutrient processing in river mouths around Green Bay.

Harmful Algal Blooms

In-lake bloom processes were examined as they relate to remote sensing (Binding et al., 2019, Soontiens
et al., 2019), algal bloom seed stock in sediment (Kitchens et al., 2018), and the influence of nitrogen
and other factors on bloom growth and toxic{i¢ghaffin et al., 2018; Newell et al., 2019; Palagama et al.,
2020; Hellweger et al., 2022). Coordinated whbleom sampling was done in the western basin in

2018 and 2019 to get two snapshots of the summer blooms (Chaffin et al., 2021). Arhonditsis et al.
(2019a and 2019b) reviewed Lake Erie watershed and lake models and monitoring and made
recommendations for their use in adaptive management. Liu et al. (2020) synthesized wdeakly in
monitoring data and satellite data collected between 2008 and 2017 avgoal of moving toward HAB

toxicity forecasting.

National analyses have shown or predicted increasing algal bloom intensity related to climate change
(Chapra et al., 2017), although some analysege suggested that the apparent increase in blooms,
particularly in inland lakes, may be an artifact of more intensive sampling (Hallegraeff et al., 2021;
Kraemer et al., 2021; Wilkinson, et al., 2021).

Questions remain about the nature and importance of fi®sphorusstored in surface sediment in the
western basin between spring loading from the Maumee River and summer bloom initiation and
expansion. Cyanotoxin formation mechanisms and environmental controls are also poorly understood.
Lastly, the diversity of cyanohteia in river mouths, as opposed to monospecific blooms in open

waters of the basin, is somewhat enigmatic. In particular, the drivers of the consistent and persistent
Planktothrixbloom in Sandusky Bay have not been determined (Hampel et al., 2019). These consistent
blooms were absent from the bay in 2020 and 2021, and seem to have been replaced by new species in
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2022,Aphanizomenoand Dolichospermunfverbal communications, June 2022 HABs Famteevent).

This has been hypothesized to be connected with the {ooeelative removal of the Ballville Dam from

the Sandusky River (Sasak, 2021), which has resulted in better flushing of the bay, but a causal linkage
has not yet been established.

Nutrients Loads

Nonpoint phosphorus fromgricultural sources contributes up to B®f the total load to western Lake

Erie (Scavia et al., 2016; Baker et al., 2019) and is the focus of much of the watesiskddesearch in

the region. A research effort led by The Ohio State University brought together an ensemble of
watershed SWAT modeand the USGS SPARROW model to assess a suite of related watershed
management questions and scenarios. The results of this work have been published in several recent
articles (Kujawa et a., 2020; Martin et al024; Kast et al., 2021a; Apostel et al., 2021; Evenson et al.,
2021). Analysis of 2019 loading data suggested that loads were lower than what would have been
expected given the wet spring and high flows (Guo et al., 2021). Other recent field and streararged
studies have produced results that seem inconsistent with these observations (e.g., Osterholz et al.,
2020; Williamson et al., 2021). That is, stream studies show greater fractions of jdwesphorusn

some settings, particularly in upper waterghareas and small streams, than would be expected based
onGuo et al. (2021) data and interpretations. Research to reconcile these results continues. Historical
emphasis on erosion control and retention of particulate phosphorus on agricultural fields via practices
like conservation tillage, cover crops, and buf&ips has been enhanced by new research on soluble
phosphorus, which is more mobile and more bioavailable (Scavia et al., 2014). Choquette et al. (2019)
reported on statistical methods for handg variability in streamflow fogphosphorudoading

calculations. In addition to changes in nutrient loads, shifting nutrient ratios have also been identified as
potentially important drivers of ecosystem change in Lake Erie (Prater et al., 2017).

Burniston et al. (2018) published results of a collaborative binational project to directly measure

nutrient loads in the St. Clabetroit River connecting channel. Scavia et al. (2016, 2019a, 2019b, 2019c,
2020), Bocaniov and Scavia (2018), Bocaniol: @G19), and Dagnew et al. (2019) published results of
new modeling and monitoring studies that infophosphorudoading from the St. ClaDetroit River

system to Lake Erie. A companion report to the Scavia et al. (2019a) paper was also released in 2019
(Scavia et al. 2019b). Important new research has been published on urban stormwater loads and
impacts in the Dewit River (Hu et al., 2019). Monitoring work on the Niagara River (Hill and Dove, 2021)
KFa AYLI AOIFGA2ya ¥F2N 2 dainFurbamwafeM®Btef lodd refiuStior® Mdn$hea ¢S a
Detroit area are among the largest reductions in the basin since the baseline year of 2008 (see Scavia et
al., 2019c). Despite recent research by the University of Michigan and others (Scavia et al., 2019),
guestions remain aboubhosphorudoading and processing in southern Lake Huron (i.e., sediment
resuspension and advection into the St. Clair River), the Thames River (Ontario), and the[3¢tGlair

River system.

TheMidwest Region chapteof the Fourth National Climate Assessment by the U.S. Global Change
Research Program (USGCRP, 2018) highlighted several trends that have the potential to influence
phosphorus loading to Lake Erie and ecological impacts in the lake. Several researahedsritéied
statistical trends of increasing spring rainfall, runoff, and nutrient loading in Lake Erie watersheds (Stow
et al., 2019; Williams and King, 2020). Warmer lake temperatures and longer summers with changing
weather patterns are expected to pdace more toxic algal blooms and more intense hypoxia in Lake

Erie (Michalak et al., 2013; Perello et al., 2017; Jankowiak et al., 2019; Jabbari et al., 2021). Some
researchers have proposed that shifting baselines may necessitate adjustments to noizigingl

targets even before they are achieved (Baker et al., 2019). Others have pointed out that under scenarios
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of longer growing seasons and more winter precipitation falling as rain rather than snow, agricultural
nutrient losses in spring may decline, partially mitigating other negative climate change impacts on Lake
Erie (Culbertson et al., 2016; Kalcic et &119). More rainfall, especially in the spring, may hinder

planting and fertilizing due to field conditions that do not allow equipment to access the fields, as was
observed in 2019 (Guo et al., 2021). Changes in nutrient release from cover crops during-the

growing season and other impacts on BMP effectiveness of changing climate are not well understood
(Cober et al., 2019).

Literature Review Summary

Several of the scientific discoveries and innovations described above have special significance to
nutrient management in Lake Erie and its watershed. The results of the natural experiment that took
place in 2019 where excess rainfall in the spring reduhidess fertilizer application indicated that
legacyphosphorusand lags from the timing of reduced fertilizer application to lake impacts may not be
as important in the Maumee Watershed as previously hypothesized (Guo et al., 2021). New
understanding ohow dynamic hypoxia in the central basin of Lake Erie is, based on hew modeling and
monitoring (Rowe et al., 2019), suggests that progress toward the goal of reduced hypoxic area or
volume based on nutrient reduction may be difficult to measure and trébk.integrated pattern of
dreissenid mussel presence or absence in the basin may be a reasonable, if unusual, proxy (Karatayev et
al., 2018).

Similarly, the dynamic nature of watershed nutrient delivery based on changing climate, farming
practices, drainage modifications, and inadequate tracking of BMPs make systematic assessment of
positive impacts on water quality difficult to link to interwens. Despite this, innovative ensemble
modeling of agricultural watersheds incorporating enhancements for simulating tile drainage and
manure management impacts at high resolution is very promising (Martin et al., 2021). A new high
profile paper by Helleger et al. (2022) indicates continuing concerns about the potential negative
impacts on HAB toxicity ghosphorudoad reduction without N load reduction, although there is
uncertainty about how likely such a scenario is to develop. Finally, new work on field measurements and
modeling of benthic interactions among dreissenid mussels, macroalgae, river plumes, arlihgpwe
(Wimmer et al., 2019; Kuczynski et al., 2020; Hui et al., 2021) is reducing uncertainty that will be critical
in managing nutrients ieastern Lake Erie, where offshore oligotrophication is also a concern.
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Figure Al. Spring soluble reactive phosphorus load (grey bars) to Lake Erie from the Thames River for
water years 2008 2021. Blue line is total sprirdischarge. Shaded chart area highlights the 2017
2021 evaluation periodvalues in white boxes are the number of nutrient samples (sample size) used for
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Thames River Spring TP Concentration
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Leamington Tributaries Spring TP Loading
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Figure Ad. Springtotal phosphorudoad(grey bars) to Lake Erie from theamington Tributariefor
water years 207 ¢ 2021. Shaded chart area highlights the 2Q22021 evaluation period
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Figure A5. Springsoluble reactive phosphorus lodgdrey bars) to Lake Erie from theamington
Tributariesfor water years 207 ¢ 2021 Shaded chart area highlights the 2042021 evaluation period.

Binational Adaptive Management Evaluation for Lake Erie (2021) 67



Huron River (OH) Spring SRP Loading
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Huron River (OH) Spring SRP Concentration
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Figure A8. Springsoluble reactiveohosphorus=WMC(grey bars) from the Huron River (Ohio) for water
years 208 ¢ 2021. Blue line total is total spring discharge. Shaded blue area highlights the 2021
evaluation period. Values in white boxes are the number of nutrient samples (sample size) used for
calculation in each spring.
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Figure A9. Spring total phosphoruead (grey bars) from th&ortageRiver for water years 20 ¢ 2021.
Red horizontal line is the target load (40% reduction frorhl2faseline), and blue line is total spring
discharge. Shaded blue area highlights the 202021 evaluation period. Values in white boxes are the
number of nutrient samples (sample size) used for load calculation in each spring.

Binational Adaptive Management Evaluation for Lake Erie (2021) 69



Portage River Spring SRP Loading

Soluble Reactive Phosphorus
Load (metric tons)
(s1a1@W 21gNd uoj|I)
awinjop abieyosig

size:

2008 2010 | 2012 = 2014 | 2016 2018 2020

Year
= Spring Discharge = Spring SRP Target Load [ Spring SRP Load

Figure ALO. Springsoluble reactivgphosphorudoad(grey bars) from th&ortageRiver for water years

2011 ¢ 2021. Red horizontal line is the target load (40% reduction froiri P@seline), and blue line is

total spring discharge. Shaded blue area highlights the 22021 evaluation period. Values in white
boxes are the number of nutrient samples (sample size) used for load calculation in each spring.
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spring discharge. Shaded blue area highlights the 204021 evaluation period. Values in white boxes
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Portage River Spring SRP Concentration
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Red horizontal line is the target load (40% reduction frofd&8faseline), and blue line is total spring
discharge. Shaded blue area highlights the 202021 evaluation period. Values in white boxes are the

number of nutrient samples (sample size) used for load calculation in each spring.
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River Raisin Spring SRP Loading

30

[23
(=}
o

N
(=]

>
awn|op eb.ieyosig

N
o
o
(s1818W 21gN2 UOI||IW)

Soluble Reactive Phosphorus
Load (metric tons)

400
i | s s s s s s s s s s

2008 2010 | 2012 = 2014 = 2016 2018 2020

o

Year
- Spring Discharge " Spring SRP Load

Figure Al4. Springsoluble reactivgphosphorudoad(grey bars) from the Riv&aisinfor water years
2008 ¢ 2021.Blue line is total spring discharge. Shaded blue area highlights the@®2dZ1 evaluation
period. Values in white boxes are the number of nutrient samples (sample size) used for load calculation
in each spring.
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Figure AL5. Spring total phosphoruBWMUQ(grey bars) from the Riv&taisirnfor water years 208 ¢
2021. Red horizontal line is the target load (40% reduction fro@8B@seline), and blue line is total
spring discharge. Shaded blue area highlights the 204021 evaluation period. Values in white boxes
are the number of nutrient samples (sample size) used for calculation in each spring.
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River Raisin Spring SRP Concentration
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Figure AL6. Springsoluble reactivgphosphorus=WMC(grey bars) from the Rivé&taisinfor water years

2008 ¢ 2021.Blueline is total spring discharge. Shaded blue area highlights the 221 evaluation

period. Values in white boxes are the number of nutrient samples (sample size) used for calculation in
each spring.
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Figure AL7. Spring total phosphorulead (grey bars) from th&anduskyriver for water years 2@X;
2021. Red horizontal line is the target load (40% reduction fro68Baseline), and blue line is total
spring discharge. Shaded blue area highlights the 281021 evaluation period. Values in white boxes
are the number of nutrient samples (sample size) used for load calculation in each spring.
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Sandusky River Spring SRP Loading
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Figure AL8. Springsoluble reactivgphosphorudoad(grey bars) from th&anduskyRiver for water years
2008 ¢ 2021. Red horizontal line is the target load (40% reduction fro88Baseline), and blue line is
total spring discharge. Shaded blue area highlights the 22021 evaluation period. Values in white

boxes are the number of nutrient samples (sample size) used for load calculation in each spring.
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Figure AL9. Spring total phosphoruBWMC(grey bars) from th&anduskyiver for water years 2@0;
2021. Red harizontal line is the target load (40% reduction fro@8B@seline), and blue line is total
spring discharge. Shaded blue area highlights the 204021 evaluation period. Values in white boxes
are the number of nutrient samples (sample size) used for calculation in each spring.
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Sandusky River Spring SRP Concentration
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Figure A20. Springsoluble reactivgphosphorus=WMC(grey bars) from th&anduskyiver for water

years 208 ¢ 2021. Red horizontal line is the target load (40% reduction fro88 Baseline), and blue

line is total spring discharge. Shaded blue area highlights the 22021 evaluation period. Values in
white boxes are the number of nutrient samples (sample size) used for calculation in each spring.

7.2.2 Spring Priority Tributary Loading TrerdaRies

Table Al. Trend pvalues (Theil Sen slope) for spring priority tributary loads and#ewhted mean
concentrations (FWMC).

Total Phosphorus Soluble Reactive
hed Phosphorus
PSR Trend pvalue Trendp-value
Load FWMC Load FWMC
Maumee 0.58 1.0 1.0 0.83
Portage 0.64 0.28 1.0 0.76
Raisin 1.0 0.51 1.0 0.38
Sandusky 0.91 0.74 0.85 0.16
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7.2.3 Annual TRoadngFigures

Figure A21. Annual total phosphorus load (grey bars) from fffeamesRiverwatershed for water years
2008¢ 2021. Values in white boxes diee number of nutrient samples (sample size) used for load
calculation in each year. Shaded chart area highlights the @021 evaluation period.

Figure A22. Annual total phosphorus load (grey bars) from theamingtonwatershed for water years
2018 ¢ 2021. Shaded chart area highlights the 2@2021 evaluation period.
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