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Reducing agricultural nutrient loads to Lakee

In responsestedegraded water quality, federal policy makers in theUS and Canada called
for a 40% reduction in phosphorus(P) loads to Lake Erie,and state and provincial policy
makers in the Great Lakesregion set aload-reduction target for the year 2025.Here, we
configuredfive separate SWAT(US Department of Agriculture’s Soil and Water
Assessment Toglmodelsto assessoad reduction strategies for theagriculturally
dominated.Maumee River watershed, the single largest contributing factor for toxic algal
bloomsin Lake Erie. Although severalpotential pathways mayachieve the target loads

our results show that any successful pathway will require largecale implementation of
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multiple practices. For example, onesuccessfupathway involved targeting 50% of row
cropland that has thehighest P loss in the watershedith a combination of three practices:
subsurface application of P fertilizers, planting cereal rye as a winter cover crop, and
installing buffer strips. Achieving these levels aimplementation will require local,
stateprovineial, and federal agenciedo collaborate with the private sectorto set shared
implementation goals and to demand innovation and honest assessmeurftgvater quality -
related programs, policies, and partnerships

Front Ecol"Environ2017;

Many mastalimarine and freshwater ecosystanisss th&JS areincreasingly exhibiting
symptomsof‘eutrophication, most often caused by excess inputs of nitrogen (N) and phosphorus
(P). Primary among thesymptomsareincreass in the extent and duration of harmful algal
blooms(HABs; PaerlandPaul 2012) and depleted levels of dissolved oxygen (hypDiaa;
and Rosenberg 2008), and the resulimgactsrange from contaminated drimij water tdish
kills andlosspoficritical fish habitafThe primary, and in most casés tonly, effective strategy
for mitigatingtheseeffectsis to reduce N and P inputs.

Althoughimpactssuch aghese were oncgubstantiallyreduced in the Laurentidbreat
Lakes, they*have resurfaced, particularly in Lake Erie (Sed\ah2014a) Forinstance under
the 1978 binationabreat Lakes Water Quality Agreement (GLWQ#£ductions irpoint
sourcef Rresultedin a 50% reduction itotal phosphorus (TRpading,with associated
improvementsin water quality and fisheries (Charétbal. 1993 Ludsinet al.200]). However,
with changes:in the ecology, climate, and the now dominant norfpsmirces|.ake Erie
HABs and hypoxia havencreasednarkedlysince the miell990s (Bridgemaet al. 2013; Scavia
et al. 20144. The hypoxic areds now oftengreater thad000km?, with a record of 8800 kM
set in 2012 (Zhoet al.2015). ToxicMicrocystisbloomssetrecords in 2011 (Michalaét al.
2013) and.again in 201bespiteevidence of potential role oN in late summer (Chaffiet al.
2013), development of the bloorasbeen strongly connected to P loads (Oberbat. 2014
Scaviaet al'2014b).

In response to these changi® US and Canadagreed taeviseLake Erie’sloading
targets GLWQA 2012). To guide the new targetsnalti-model effort includingoth
mechanistiandstatisticalmodelswasusedto generatéoad+esponse curves (Scaw@gal.
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2014b, 2016a). Based largely on information from thigti-model effort,newtarget loadsvere
proposed GLWQA 2015),ultimately establishedby the US and Canada, and supported by the
region’s governors and premieas well as byhe International Joint Commissi¢abi-national
organizationgstablished under tigoundary Waters Treaty of 190@at is dedicated to water
resource conflict resolutignThe new targets call for reducing annual and spiveych-July) P
loadsto Lake Erieby 40%from their2008 levels (GLWQA 2016). The spring target loads for
the Maumee River are 860 metric t¢sT) of TP and 18T of dissolved reactivphosphorus
(DRP). Although the éderal governments did not set a date by which the targets should be met,
Michigan, Ohio, andhe Canadiaprovinceof Ontarioset one fo2025.

Thestask ahead te implementprograms to achieve that reductigmimarily fromthe
now dominant:and harder to treat nonpoint sourcagwraply from agriculturg(lJC 2014).
Here, we describe a new meuttiodel effort designed to inform the binational process for
controlling thesd® sourcesWe focus onLakeErie’s western basin (WB) (Figure ¢causdt is
the site of the most extensitexic cyanobacteria blooms and a prime sourcautrfiens driving
central basinthypoxia (Bridgemam al. 2013;Scaviaet al. 2014b; Maccouwet al.2019. The
WB loadscomeoverwhelmingly fronthe Maumee and Detroit rivefBigure 1)at
approximately equal loads. The Maumee River has a relatively low flow and high P
concentrationsyhereas the Detroit River has very high flow and relatively low P concentrations
which arewell below thresholds for producing cyanobacteria blooes iherefore focus on the
MaumeeRiver where thevast majority of P isleliveredfrom agricultural sources (Haet al.
2012 Scayiaetwal. 2016a). In addition, the 40 years of daily load estimates obtamad gage
stationnearthe mouth of the Maumee River at Watervilleio Bakeret al. 2014) provide an
importantcheck on the models and make the Maumee an excellent exxampieer

agriculturallydominated watersheds

Methods

A multi-model“approach

The use omultiple models provides benefits that a singledel cannot, including viewing
problems from different conceptual and operational perspectives, using cafatasats in
different ways, providing multiple lines of evidence, and reducing decision risk based on
diversity of perspectiveddulti-modeleffortsfor lakes and estuari@scludethose used in the
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1970s (Bierman 1980) amdore recentlyto establish targeébvads for the Great LakéScaviaet
al. 2016a) andor managing nutrient loads to the Chesapeake Bay (Wtlkdr2013), the Gulf
of Mexico (Scaviaet al.2004), and the Neuse River Estuary (Saival. 2003). Although
ensemble modeling has been applied to evaluate and compare hydrological pee(Botioeret
al. 2009 Seilleret al.2012;Velazquezt al. 2013, few studies have usédo asseswatershed
water quality (Boomeet al.2013) and none have applied this approach to evaluate policy-
relevant'land"management scenarios.
Forthistanalysisye assembledive modelsthatrely ondifferent implementatios of the
US Department of Agriculture’@SDA’s) Soil and Water Assessment Tool (SWAArnold et
al. 1998). Even,thougthe models use the same b&¥®AT framework they areactuallyquite
different becausef theindependent critical decisiomsadeabout spatiatesolution data
sources, subroutines, land management operations@ael parameterizaticand calibration
approachegsee WebTabk1-3).While there may be a temptatiom $elect one model based on
“superior performance’there are mangnethods for evaluatingerformancend it is noeasy to
decide whiehPmodel has the best fit for a comp¥axershedFor example, goodness-if-can
be evaluatedhrough various graphicaid statistical methoder streamflow andoads, buit
can also be,assesgbdoughmeasuresf performanceelated tcensuring fieldievel nutrient
export, seil'nutrient content, and crop yietddewithin observed rangd¥enet al. 2014). W
chose tause multiple models becauseitheccuracy in representing the baseline condition is not
uniquely quantifiable and each model represents a reasonable representation of the real world.
Eachofithe five models was built and calibrated prighi®study. Althougrcalibrated
to varioustimeperiods between 1990 and 2012, the modkele all validatedor this effortto a
common period (2005-2014) to serve as a baseline for comparisons. For validation, all models
used the samgrecipitation, temperature, apdint-source dischargeModel performance was
evaluateddy: (1).standardtatisticaltests(R?, NashSutcliffe efficiency [NSE]), percent bias
(PBIAS), root.neansquared eor-observations standard deviation ralRSR) for monthly
streamflow.and loads; (2) comparisons between time series and boxplots of modeled and
measured streamflow afdoads; and (3internalchecksagainst estimates pkrcent of flow
through subsurface drains and average crop yields. For more details on the differenceb@mong t
model characteristics and their validation tests, see WebTable$\@bFigure 1, an8caviaet
al. (2016b).
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Following validation, each model was use@italyze scenariggigure 2;Table ) that
weredeveloped in consultation with representatives from envirorahand agricultual
communities, and guided lanalyse of singlepractice scenarios (Scawad. 2016b).These
scenarios ranged from modest implementation of combinations of commonly gpplitdes
(Scenarios.311)to extreme levels of implementation withose less commonly appliezlich as
convertingirowerops to switchgrag$cenarios 2z). In addition to these agricultural
conservatiorscenarios, for comparison we faypotheticalextreme Scenario, ivhich
eliminatesall'point sources. Providingrange of modest to extrenagdeven unrealistic
scenariogielpsgenerate thenformation needed to inform decisions aboutrdepiiredlevels of
implementationTo compare with the targetse multipliedthe percent differences from each
model’s baseline conditiooy theaverageobserved loadt the Waterville gagstationfrom
2005-2014For ensemblenodelscenarioswe calculated a weighted average (with associated
95% confidence intervglacrossmodels’ predictions. Weights (WebTable 6) were developed
with a Bayesian model averaging framework by estimating each posterior probalbkiyngf
correct givenrthe observed data, thereby reflecting the model’s predictivengance over the
validation datasgiRafteryet al. 2005; Duaret al. 2007).

Resultsanddiscussion

Althoughsomeof thevalidation statisticeamong the models (WebTablew@re better than
others for'certaivariableseg TP \ersis DRP ersts flow), all modelswere judged to be
suitablefordnclusion withinthe ensemblbased ortommoncriteria(Engelet al. 2007;Moriasi

et al. 2007)wTEhere is variability among models, but the weighted average of all five models
compares well with observationd/é€hbFigure ), especially for TPThe models tend toward
slightoverpredictionof DRP at low load levels.

Given.the difference in model assumptiosgplicationsand developmenthére was
reassuringonsistency among tmodels in estimating responses to the different scenarios
(Figure 3 forindividual modelesults, se&caviaet al.[2016b]). Al scenarios resudd in
lowering TP*and DRRoads, with load reductions increasingh greaterscale of
implementation anthrgeting areas of high P logxtremeScenariol, whicheliminatesall
point-sourcedischargesreduced thélarch-July TP and DRP loads by only 5% and 10%,
respectively, illustratingheimportanceof nonpoint sources. The land conversion scenarios (2a—
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c) are rather extremand are unlikely to be implemented. They were included to illugtrate
25-50% of land would have to be removed from production to achieve the target loads if no
additional nutrient management anefield or edge-offield practicesvereemployed For all

other scenarios, the impact on total crop production was mivieb Tables).

The.mest promising scenarios included widespread use of nutrient management practices
(especially,subsurface application of P fertilizers, as also seen in-piagléce scenarigs
Scaviaet al'2016b)and installation obuffer strips. Bcauseéhe US Farm Bill limits dat
accesswewerenot able tadentify the extent blocationof many existingoracticedor the
models. Pacticesthat might already be in plabeit werenot captured in the baseline models
includebuffergstrips, cover crops aside from winter wheat, and wetlands. For these prtwtices,
best interpretation ajur resultsis that theyidentify the need foadditional implementatiaror
instanceto achieve a resuiimilar toScenario9, anadditional50% ofcereal ryeand buffer
stripsarerequired Otherexistingpractices- such as fall timing of P applications, subsurface
placement.of P, continuous milage, winter wheat grown in rotation, and reduced fertilizer
applicationwrates areincluded to some extent in the baseline models. The best interpretation of
our resultdor thesepracticesas well as land conversation to switchgrasthasthey identify
the requiredotal level of implementatioNRCS (2016) estimatkthat 99% of cropland in the
WB watershed has at least one conservation practice in placeis clear from these results
thatmore widespreaddoption ofadditional more effectivgracticess required to meet the
targeted reductions, a conclusion also drawthé&USDA'’s Conservation Effects Assessment
Project for.thessame regioahapter 5 ilfNRCS 2016)

Ourresults suggest there are several pathways to achieve the new target loads for Lake
Erie. However, all the successful pathways regoiicaad mplementation oboth common and
less common practiceBor example, thregcenarios that appear to reach the TP (glre 3a
testedtargeted. (8enario8) or random (8enario9) treatment of 50% of croplands in
combinationwith nutrient managementpver cropsand buffer strips, or a combination of
wetland andibuffer strip on 25% of croplandr subbasins, respectivelscenarioll). A
comparisonwof Scenarios 8 and 9 highlightsimportance ofarrying outmitigatingpractices in
areas where they are needed mestvhere P loads are masttical. Identifying these specific
locations was beyond the scope of this work,dambe accomplishedn consultation with
conservationists and producevko have intimate knowledge of farm landscapeso scenarios
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— 5 (reduced P rates, fall P application, and subsurface placement of P on 10086)cdirie 2¢
(targeted conversion of 50% of cropland to grassland) — achieved the DRRo@adlgdtigure

3b). Scenario 8 (targeted series of practices, mentioned abageyery close to meeting the

DRP targetScemario 5highlightsthe importance of the propeate and corregtlacement of P
applicationggromoted by th&latural Resources Conservation SerydBCS 590 standard and

4R nutrient managemeptacticegBruulsemeaet al. 2009).A 4R certification program in the

WB, launched'in 2014, certified nutrient management plans on 26% of the cropland in the basin
in 2 years(VollmerSander®t al.2019. Scenaridb alsoproduced TP reductions near the 40%
goal. These results illustrate thavhile substantial rates and coverage of implementation will be
required, theresare several pathways for achieving the new loading targets for bothORRa

Notall potential practices or combinations of praesi were simulated in this work;
howeverreaching the new target loadslearlya dauntingaskand will requireextensive
changes in management and much greater investment of resources to achieve the required levels
of implementation, particularly for the less commonly applied pracfitess findingsare
consistentswithithose afther recent studies that assessed management scenarios needed to
achieve waterquality and biological goals for streanteeisaginaw BayMI watershedSowa
et al. 201§.andin theWB (chapter 5n NRCS 2016Kalcic et al. 2016 Keitzeret al.2016;
Muenichet-al 2016. Results acroghosestudies alsshow that funding within the conservation
provisionsof the currentyS Farm Bill aloneis insufficient to address these probleradditional
and targeted funding for the most effective conservation practices is needed, but othe
approachesay,also be required, suchiagplementing conservatiocempliance policies that
target the maest effective practides a given field funding ony the most effective practicesnd
developingmarketshaping policies related to modifying hundiatary choicesndaltering
energy productioto reduce the demand for crops responsible for high P loss.

Key.agencies at the local, state/provincial, &deral levels must join witthe private
sectoranduse.the information from these studies to hel@sdtachieve wateguality goals as
well asto assesexisting and potential conservationientedpractices, programs, policies, and
partnershipsizertunately, innovative efforts like water funds, p&y-performance, and public—
private partnershiparebeing implementedithin the WB and other parts of the Great Lakes
region and hold promigég-aleset al 2016).NRCS'’s recent creation ofZyearUS$41-million
investment to target, exparahd accelerate conservation practices inieis an important

This article is protected by copyright. All rights reserved



step in the right directiolhe challengas how to integrate and scale up these new approaches
so they treat the number of acres neededatizemeasureable improvements in water quality.
However, at this time, it is not cleahether current programs have sufficient funding or policies
in placethat enable targeting of the best practices to the right places at the righteclpport

the levelof implementation needed to achieve the 40% load reduction targets.

Lake Erie is just one of manwatershed$aced with the difficultaskof finding
sustainable“selutions teducing nonpoinsource impactsn socially valued ecosystem services
like freshwaterprovisionrecreationand fishing. Many othewatershedslearly demonstrate the
difficulty in addressingionpoint source pollution and meeting water quality goalsirsteance
the goal of-reducing the Gulf of Mexico hypoxic area to below 5000 &swell as the load
required toachieve that goaksbeen in place for almost 15 years. Yet, almost no progress has
been made (Spragee¢ al 2011; Murphyet al. 2013). Similarly, wateguality improvement
goals for the Chesapeake Bay have begaice for decadesut only recently has some
measurable progress been achiefid8GS 2016). These and otlwasesighlight the need for
persistentattention wufficientimplementatiorof proper management practices.

Thehealth of Lake Erie was restoragdthe 1980s by addressing point source pollutants,
andwe are.now faced with a similar probléram nonpoint sourcagriculturalpollution that
will requirera very different solution. Fortunately, pathways to suadstbut will require
unparalleled allaboration and levels of implementati@tientists, managerand policy makers

must develoustainable and balanced solutibtmeeet thischallenge.
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Figure 1. Relative average phosphorus loads — total phosphorus from 2003 to 2013 (top panel)
and dissolved phosphorus from 2009 to 2013 (bottom panel) — for the major tributaries of Lake
Erie. Loads are proportional to the drawn rivarrow widths. Redrawn from Maccoex al

(2016).

Figure 2. Data.sources: US land cover data from the 2015 USDA Cropland Data Layer;
Canadian‘datafrom the 2015 AAFC Annual Crop Inventory; imagery of harmful algal bloom is
a MODIS trueeolor image fron2 Aug 2015 retrieved online from NASA Worldview, courtesy of
the NASA EOSDIS Land Processes Distributed Active Archive Center (LP DAAC), USGS/Earth
Resources:Observation and Science Center, Sioux Falls, SD. chmtiksvise from top left J

Martin, Y-C*Wang, USDA Farm Service Agency National Aerial Imagery Program 201R, and

Muenich.

Figure 3. Weighted average and 95% confidence intervals of the five SWAT models’ Migych—
TP (a) and"DRP (b) loads during the 2005-2014 modeling time period. The average observed
March-July'loads éreaweighted to WatervilleDhio gage station) from 2005 to 2014 are
representedn the topbars and the GLWQA target loads atepictedby the dashed red lines.
Scenario.2#iS the result of removing all posatdrce discharges; Scenarios-2ashow a dose
response as to how much land would need to be converted to grassland in order to meet the
targets without going beyond current agricultural conservation measures; Scenarios 3—-11
demonstrate“the effect of implementing more agricultural conservation. DRE3ahaetd

reactive phesphorus; GLWQAGreat Lakes Water Quality Agreement=phosphorus; SWAT

= Soil and Water Assessment Tool; TP = total phosphorus.
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Table 1 Descriptions of the scenarios and results

No.

Scenariodescription

Project findings

All point sourcealischarges were removed

Removing point sources reducedoad but did noteach targe

2a-C

In these scenarios, 10%,25%, and 50% of the row

croplands with the lowest crop yields and gred®dstsses

habitat(limited harvesting and no P fertilizatipn

were converted to switchgrass and managed for wildlife

TP targets could be achieved with ng&@5% conversion of
cropland and DRP targets were met with closer to 50%

conversion. The difficulty reducing DRP loadings may be a

ol

result of legacy P stored in soils within the Maenfaver
watershed.

The following were applied together on a random 289

row cropland: 50% reduction in P fertilizer apptioa,

\While in-field practices did reduce both TP and DRP losses

3 o o random implementation on only 25%ayoplands was not
fall timing of P applications, subsurface placenme® ) )
N enough to achieve either the TP or DRP targets.
fertilizers, and a cereal rye cover crop.
The following practices were applied to a randomly
4 selected 25% of row'erop acreage: 50% reduction in FNutrient management at 25% implementation is not enough to
fertilizer application, fall P applications, andosurface |achieve TP or DRP load targets.
placement of P into'thesail.
The following practices were applied to 100% of row ¢ ) )
) A @ - o On average, nutrient management alone has the potential {o
5 [fields: 50% reduction inP fertilizer applicatidall P )
o achieve DRP targets, but not TP targets.
applications, and'subsurface placement of P.
The following 4 practices were each applied to separgWhile 100% adoption of at least one conservation practice
6 25% of the crop acres: a 50% reduction in P fertilizer |helped move average loads closer to target goals, adoption of
application, subsurface application of P fertilzer multiple practices per farm field may be required to achievd the
continuous ndillage; and"mediunguality buffer strips. [targets.
o ] ) Implementing subsurface application of P fertilzer a ne
A combination of continuous rilllage and subgtace )
o O ) tillage system can help reduce P losses; however, when
7 |application of P fertilizers,were applied togetbara . . o )
implemented on 50% of cropland, tisiembination of practice$
randomly selected '50% of row crop acres. . o )
is not sufficient to achieve load targets.
The following practices were targeted to the 50% of rqResults showed that a series ofigid and edgef-field
cropland with the highestP loss in the watershed:  |practices on the same crop fields could achieve the TP loadl
8 [subsurface application of P fertilizers, cereal rye coveftarget with random application at 50% adoption and well
crop in the wintersvithout wheat, and application of  |exceeded the taegload with targeted placement of the pract
mediumquality buffer'strips. on high P exporting croplands. Targeted implementation was
The following practices were applied to a random 509 efjuired to achieve the DRP target load. These results inditate
9 [row cropland: subsurface application of P fertilizers, cfthe value of targeting conservation practices to lands with the

highest P losses.

rye cover crop in the winters without wheat, and

This article is protected by copyright. All
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application of mediunguality buffer strips.

10

An alternative corssoybeanwheatrotation with a cereal
rye cover crop all winters without wheat was applied o

a randomly chosen 50%:0f row cropland.

The results of the diversified rotations are less conclusive 3
some of the models had Baseline wheat rotations where th
\wdreat was doub-cropped with soybean in the same year. d

average, the models showed marked reductions in TP load

some improvement in DRP loads with the diversified rotatign.

11"

5 and

11

Wetlandswere targeted:to-the 25% of swhatersheds wit
the greatest P loading aadsumed to intercept half of

overland and, in somesmadels, tile flow, and medium

quality buffer strips‘were targeted to the 25% of row cfpartially due to the fact that much of DRP exitsptand via

acreage responsible*forthe greatest P loss.

Wetlands targeted to 25% of high P loading-suttersheds an

buffer stips targeted to 25% of high P exporting cropland c¢uld

achieve TP loading targets on average, but not DRP. This i

subsurface drains which are not intercepted by buffer stripg

5

Notes: DRP= dissalved reactive phosphoruszphosphorus; TE total phosphorus
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