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Abstract

Most ecosystems are impacted by multiple local and-thsigince stressors, many of which
interact in complex ways. We present a framework for prioritizing ecological restoeéftors
among Sites in multstressor landscapes. Using a simple model, we shat both the economic
and sociopolitical costs of restoratiamil typically belower at sites with a relatively small

number of severe problems than at sites with numerous |esd#ems Based on these results,
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we propose usingumulative stress arelenness of stressor impact as complementary indices
that together refledtey challenges of restoring a site to improved conditionilllistratethis
approach, we analyatressor evenness acrtiss world’s rivers and the Laurentian Great Lakes
This eploration reveals that evenness and cumulative stress are decoupled, epédatranof
siteswhere_remediating a modest number of higlensitystressorgould substantially reduce
cumulative stress. Just as species richness and species evenhwstaarental axes of

biological 'diversity, we argue that cumulative stress and stressor evenness constitute
fundamental“axes for identifying restoration opportunities in nstiéissor landscapedur

results highlight opportunities to boasstoratiorefficiencythrough strategic usaf multi-

stressor datasets identify sites whichmaximizeecological response per stressor remediated.
This prioritizationframework can also be expanded to account for the feasibility of remediation

and the expectesbcetal benefits of restoration projects.

Keywords: prioritization, restoration, cumulative impact, stressor interactions, synergy, fresh

water

| ntroduction

Restoratiorof degraded ecosystenssan increasingly important component of conservation
efforts,complementing theresenration ofwild places (Dobsoet al.1997). Global spending on
restoration is growing rapidly, and includes over $1 billion per gpanton river restoration

projectsin the United States alone (Bernhaetial.2007). As these imestments grow, it is

important.te.ensure that resources are targeted effectively. There have been repeated calls for a

better understanding of the costs and benefits of restoration (KondolfB&2g®ndRyan2002,
Palmer et al2005, Bernhardt andalme 2007)as well aghe sociopolitical challenges of
implementing restoration plans (Ligahd Higgs 1996, Hoblet al.2004, Hobbs 2007), yet
methods for prioritizing restoration investmehts/e not yet addressaullti-stressor landscapes
(Beechieet al.2008;McBride et al.2010,Holl andAide 2011, Wilsoret al.20117).

Many of the key challenges in prioritizing restoratmnjectsstem from the fact that
most ecosystems are impacted by multiple local and global stressors, which often interact in

complec and littleunderstood ways (Craiet al.2008,Darling andC6té2008). The implications
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of this are thredold. First, singlestressor restoration efforts may have little real benefit if they
fail to account for the remaining gol@matic stressors at a site (Evansl.2011,Allan et al.
2013. Second, when stressors interact, the ecosystem response to the remediation of a particular
stressor will depend on how that stressor interaitts co-occurring stressors (Craat al.2008,
DarlingandCété2008,Brown et al.2013). Third, the economic and sociopolitical costs of
remediating any one stressor may vary among sites depending on the presence of other co-
occurring 'stressors, even when these stressors themselvesaeehanistic interactions
(Evanset al.2011, Wilsoret al.2011).As a result, certain combinations of stressors may lead to
opportunities for economic efficiency (e.g., logistical savings via shared equipneent
personnel eosts), thereby lowering the cost of restoration. In other caségatons of
stressors mayrlead to conflicts among stakeholders who differ in their assessment of the costs
and benefits of restoration projects.

Spatial aalyses of cumulative stressimpact(CS)are increasingly embraced a
means of summarizing host ofecosystem impairmen{®anzet al.2007, Halperret al.2008,
Vorésmartyet-al. 2010,Allan et al.2013, Halpern and Fuijita 2013htegrating multiple
stressors intowa single index provides a straightforward summary of ecosystem stress, which
enables practitioners to focus their efforts toward a particular dé¥&S$if desired For
instance,.some organizations focus on protecting areas that are in a relatively pristine state, while
others actively seek to restore areas that are already heavily de@yadiesiartyet al.2010,
Gameet al.2008,Banet al.2010).While cumulative stress ratings can streamline initial
prioritization;largescale analyses still identify far more potential intervention locations with
equivalent'€Sstthan it would be feasible to restBugthermore, decisiomakers may mistakenly
interpret CS ratings as a prioritization (Tulloch et al. 2015); in reaiitjces ofCSdo not give
any indication of how the practical challenges of restoration efforts vary amon@utlyssites
with equivalenstress ratings (Brown et &013), nor do they give a full indication of the
ecological benefits of remediating a sitdus, it would be desirabte derivefurtherinsight into
restoration.@pportunitisom multi-stressor datasetisan is provided by CS alone.

In multi-stressor landscapes, both economic and sociopolitical costs greakégal
constraints omestoration succe¢®’Connoret al.2003,McBride et al.2007, Josepht al.2009,
Faleiroand Loyola 2013) and botiipes of costsnay depend in complex ways on the suite of

stressors at a sitEor examplegam removals are an increasingly common strategy for restoring
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aquatic connectivity, but the cost of a dam removal often depends on whether there are co-
occurring stressors, like iagive species and contaminated impounded sediments, which would
be exaerbated by removing that dam (StandeydDoyle 2003). In that context, the cost of
removing contaminated sediments and controlling invasive species must be consigentdf
the dan remeval cost. At the same time, conflicts among stakeholders may be driven by stressor
interactions.in.a way that is not reflected in thenexoic costs of a dam removadbfgensen and
Renofalt 2023)"In the North American Great Lakes, for example relarovals are often
contentious'because they have the potential to facilitate the spread of invasive species and may
allow migratory/fishes to serve as vectonsgathogens and contaminants (McLaugkeliral.
2013). Confliets over the ecological costs @edefits of dam removal are often severe, but do
not have an‘obvious resolution because they are rootedéonbrastingnandates and value
systems oflifferentstakeholders (KueffeandKaiserBunbury 2013). In the case of dams, then,
consideration of only the economic cost, or only the sociopolitical cost of removal, walyd li
result in a‘poor estimate of the true practical challenges of a project.

Herewwe develop and analyze a framework for understanding how the economic and
sociopolitical'eosts of ecological restoration might vary among sites with egpivalmulative
stress in‘multstressor ecosystemBhough we focus on understanding restoration costs, our
approach.could readily be adaptedksoconsider various societal and ecological besefit
restoration For example, ecosystem remediation can be carried out to enhance ecosystem
services (Palmer and Filoso 200@) protectbiodiversity across a suite of species (Auerbach et
al. 2014) or'particular beneficiary species, or to address organizational mandates to remediate a
particular stressor or class of stress@nst framework is equally applicable across the full
cumulativestress spectrum, allowing the prioritization of restoragigmongsitesat any level of
overallimpairment.Based on our analysis idealizedmodels, we propose a heuristic metric of
the practical.challenges of restoring a site to improved condition. To explore dotentia
applications. of this approach, we apply this metric to cumulative stress data for the world’s rivers
and theGreat'Lakes to identify locations where restoratray be most feasihle

Modelsand Analysis
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We firstdefine key terms, and then introduce three general classes of functions that
describe the relationships between stressor intensity and the costs of restoration. We then analyze
these functions in a series of increasingly complex scenarios:stt@gsor landscape with no
interactions amaong stressors, a tatoessor landscape with interactions, and then a-steétssor
landscape with diverse stressor interact@amg divergent cost function§hough simple, our
initial two-stressor scenarios provide the foundation of the fimalti-stressor scenario.

Definitions. Consider a group dfsitesor regionghat are candidates for restoration. Eachisite
has a vector dN stressors;. Each elemenX;,, describes thentensity or severitpf stresson at
sitei. We assume that intensities for all stressors have dererted to a standard scale (e.g., a
continuouswalue ranging from zero to one; Allan et al. 2013).rdrimalizationprocess puts
otherwise incommensurable stressors (e.g., invasive species and heavy metal contamination of
sediments) Into comparable units based on expected ecological importance, and provides a
standardized scale for measuring improvements in ecosystaition resulting from
remediation(Halpern and Fujita 2013).

Theeconomic cost of remediating a stressor to improved condition is giveroby a
function whichdescribeghe cost of reducing the intensitysifesson at sitei to some target
level d lower intensity,T;»:

¢i,n (Xi,n - Ti,n)

In this formulation, the cost of restoring stressati is calculated independently for
each stresser=I his is appropriate for sites with only a single stressor, but for sitesltifpile m
stressors:we.must account for the possibility that the presence of other stressors will increase or
decrease‘thecost i¥mediating. To do this, we define a new cost function describing the cost

of remediating stressaorati given the other stressors that must also be remediated at that site:
¢i’n(Xi,n - Ti,nr Xi,—n)

Herex;_, denotes the vector describing théensities of stressors other thann this
formulation, the cost of remediating a stressor may be more or less expensive, relative to sites

where it occurs alone, depending on what other remediation is occurring at.tiéesttefine
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147  synergyas the pantial savings in economic cost, at $jteor stresson when all other stressors
148  are also restored.

Si,n = ¢i’n(Xi,n - Ti,n) - ¢i,n(Xi'n - Ti,n' Xi,—n)

149 Synergy'is a fundamental concept in our mpdl@lescribes how the cost of remediating

150 a stressorwill. depend on the set of other stressors at a site. Synergies can be positive or negative.
151  The set of stressofs creates an opportunity for positive synergy when the cost of restoring

152  stresson is lowered relative to sites where it occurs alone. This might occur, for example, when
153  a set of stressors can all be remediated using the same personnel and equipment, so that these
154  costs can'be shared among stressors; or when the remediation of stregsnrtsl diminish the

155 intensity of'stressan (i.e., a synergistic stressor interaction) and thus the cost of remediating it.
156  Conversely;the set of stresserscan lead to negative synergy when the cost of remediating

157  stressonis higher than at sites whereoitcurs alone. This will primarily occur via antagonistic

158  stressor interactions, where the remediation of stressansreases the intensity of stresgor

159  Dams and.invasive species are a case in point; the cost of removing a dam is tyigicaflyat

160  sSites with'the"potential to harbor invasive species (because of subsequent control costs) than at
161  sites where dams occur without invasive species.

162 Because the termn(Xi,n —Tin Xi,_n) accounts for any interactions among stressors,

163  the total casof restoring site is the summation of these terms ovemaditressorsCost; =

164 N, ¢i,n(Xi.n =T;n Xl-’_n). The total potential savings due to synergies ai stéhe

165 summation‘efs, across alN stressorsS; = ¥N_, S; ,

166 This framework can also be applied to understanding the sociopolitical costs of

167  restorationln this casewe focus upon the human dimensions of launching, coordinating, and
168  completing=restoration projects. Accordingly, we define sociopolitical cokeibrioadest

169  possible sense’to encompass all social and political aspects of restoration. As with economic
170  synergiesysaciopolitical synergies are a fundamental concept in our modaebteaudescribe

171 how the sociopelitical cost of remediating a stressor will depend on the other stressors at a site.
172  The set of stressofrs creates an opportunity for positive synergy when the sociopolitical cost of
173  restoring stressaris lowered relative to sites where that stressor occurs alone. This can occur,

174  for example, among stressors that can be remediated using similar expertise, regulatory
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permissionsor existingcollaboratiols among agencies. Where these stresseos@uar,

sociopolitical cost can be shared among stressors. Conversely, the set of stradsads to

negative synergy when the sociopolitical costestoringn is higherat sites with-nthan at sites
wheren occurs alone. This can occur when the remediation of one streaserlgates another

and stakeholders differ in their valuation of these two stressors. Dams and invasive species are a
case in point: dam removal callow invasive speciet spread further in a watersheohd dam
removals areoften contentious becauskestalders diffein their valuation of ecological

benefits vs."ecological costs (e.g. facilitating species invasions). Condggtlensociopolitical

cost of dam removal is typically higher at sites with both dams and invasive species than at sites
where dams eccwrithout risk of species wrasions.

Classes of Cost Functions. Nearly allrestoratiorncost functions will belong to one of three

classes (Fig. 1). The first class includes any function where the cost is constant and independent
of stressor.intensity (Type I, Fig. 1). This clas$upictions likely describes the sociopolitical
dimensionsef*most restoration projects: there will be a set of sociopotitieienges (engaging
experts, aligning stakeholders, regulatory hurdles, etc.) that will beédcuggardless of the

severity of:he stressor. The second class includes any function in which cost increases linearly
with stressor intensity. This might describe, for example, the cost of controllingasivie plant
species via manual application of herbicide (e.g., asmtagmites Farnsworth anileyerson

1999, where the total cost of restoration increases roughly linearly with the total amount of
herbicide usedyand the number of person-hours needed to apply it. The third and perhaps most
common class‘includes any function in whatst is a strictly increasing but concal@vn

function of stressor intensity. This class of functions describes cases where highly degraded sites
are only marginally more expensive to restorgtScasesare likely tobe common because
economies, of scale showgply to restoring highly degraded sitEsr example, economies

scale are known to exist for groundwater remediation (Sutherland et al. 2005piggzBion
(Woodyard«2990), the removal of heavy metals from soils (Jelusic and Leston 2014) and the
management,costs of nature reserves (Armsworth et al. 2011). By definitionITiypetions

exhibit the mathematical property of being strictly and globally subadditivegi)g. + X,) <
#(X1) + #(X2) ).
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Super-additive cost functions (i.e., concay®-in whichheavily degraded sites have an
increased cost of remediation per unit of stressor intensity (i.e., a diseconomy ofesedlkeely
to be rare because they aasein only two ways First, whenseverely degraded sit@equire
categorically different and more expensive remediation methodsetmdegraded sgethe
restoration.cest per unit of stressor intensigy be higher for the most degraded sites.
example, moderate amounts of acithendrainage may be mitigated using low-cost wetland
treatment’systems (Sheoran and Sheoran 2006), but more costly treatment methgdsede re
for the mostly*heavily degraded sites. Second, when an invasive species or patsagesry
rapid rate of gowth or spread, it may be more costly to coninalegionswhere itis well
establishedluesto the likelihood of reinvasion. For examgigdication of an invasive species
may be possible and relatively inexpensive wileat species iat low density but costly

suppressiostrategiesnay be needed for well-established invaders (Myers et al. 2000).

Scenario I3 Two Stressors, no Syner gies. The simplestnulti-stressor restoratioscenario is a
landscapemwithitwo stressors, no stressor synergies((&t all sites), and no differences in the
cost functionssamong sites and between stresBacs site in this landscape hasidentical
level of cumulative stress (i.&;1 + X2 equal for alli sites), but sites differ ithe degree to
which theinténsityof one stressor is greater than itensityof the othexi.e., degree of stressor
heterogeneity; Fig. 2Afor two sites A and B with equivale@8, site A has higher stressor
heterogeneityhan B ifXa 1> Xg 1 andXa 2 < Xg 2.

In thisand all following scenarios, we assume that the goal is to reduce all stressors to
some targentensity T. Thus, we simplify the notation hereafter by writing the cost function
¢ (Xin — T;n) as simplyg_(X;,). In the case where restoration targetsy significantly
among stressors, conclusions byadefinition less general, so we focus on scenarios where the
target stresserintensity is comparable

In thisssimple scenario, it is always preferable to work at sites with high stressor
heterogeneitylf cost follows either a Type | or Type Il function, the cost of remediation depends
only on the number of stressors that must be addressed. As a result, sites with a single stressor
will always be less costly than sites with two stresdeos Type Il functions, we can make use
of the subadditivity in the cost function to show that, in this simple scenario, sheeperfect

negative correlation between stresseterogeneity and the cost of restoration. For two sites
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where site A has gher stressor heterogeneity than site B X.> Xg 1 andXa 2 < Xg ), if the
cost function is subadditive (e.g., as in Type lll) then

By (Kan) + 8,,(Xa2) < 5 (Xp1) + ¢5,(X52) [1]

Equation[1] dictates that it will always be less expensive to restore site A than site B. This result
is an outcome of the mathematical property of subadditivity in Type Il cost funetimhss
illustrated'graphically in Fig.2 Note that for super-additive functions, which we hypothesize to
berare,thefoppesite conclusiarises it will always be preferable to work at sites with low

stressor heterogeneity, because high intensity stressors would be disprogtyttosily to

remediate.

Scenario ll=Fwo Stressorswith Synergies. We again considerlandscape with two stressors,
but now allow for synergies among the two stressors at a sit&5(i#8). When these two

stressors have negative synerg&s<(0), sites where both stressors occur will carry an
additional cost that is not shared by sites with only one stressor. As a resulyensgiagirgies
among stressors will always reinforce the findings in the previous scenario wi#.remain
preferable to work at sites with high stressor heterogeneity. When thesedssotrexhibit
posiive 'synergies$ > 0), sites where both stressors occur will present an opportunity for
lowered costs that is not present at sites with only a single stressor. Whether this reverses the
conclusion in the previous scenario will depend on the magnitudes of synergies: wdrgnesyn
are large, they may reverse the inequality in eq. 1. In that case, it will be preferable to work at
sites with twesstressors rather than one because the marginal cost of addressing the second

stressoris lew.given restoration effort toward the first

Scenario I11: A'Multi-stressor Landscape. In realistic multistressor landscapes, the cost of
restoring a site.to improved condition will typically be a complex function of the nuamie

intensity of stressors at that site, their individual cost fanst and synergies among these

stressors. We conducted a series of simulation experiments to explore how the correlation
between cost and stressor heterogeneity might depend on this complex set oiéetors.

simulated landscapes in which each site had identical cumulative stress and the same number of

stressors, but the intensity of each stressor varied among/¢é¢eaodeled synergies between
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stressors as random draws from a normal distribution with mean of zevarsatalestandard
deviation 6). We assumed that all stressors but one followed the same cost function; the
exceptional stressor was considered more costly to restore by a lineae fastaoinit stressor
intensity.Each simulation yielded an estimate of total cost to restore a sitetirgflboth direct
costs of remediating the set of stressors (hereafter “base cost”) and costs arising from stressor
synergiesFor detailssee AppendiSl

As afirst'experiment, we manipulated o to explore how synergy strengtls affect the
correlation'b@veen restoration cost and stressor heterogeneity. When synergies were small
relative to the baseost,the total cost of restoring a site (i.e., base cost plus synergies) was
highly correlated with stressor evenness (B&). As synergies increased in gmtude, the
correlation‘between the total cost of restoration and stressor evenness declined, eventually
approaching zero when the standard deviation of synergies was larger than thestake ¢
restoring a site. In other words, stressor heterogeneityabable metric obverallcost when
synergies among stressors are small, but an unreliable metric when synergies are so large that
they are theyprimary determinantsre$toratiorcost.

As a second experiment, we manipulatéd explore how differenseain the costs of
restoring'stressors might affect the correlation between cost and stressor heterogeneity. When all
stressors.were described by equivalent cost functii,(the total cost of restoring a site was
highly correlated with stressor evenness (BEj. note this correlatiomwasequivalent to that in
Fig. 3Awhen synergies were small). Asncreased in magnitude, the correlation between total
cost and stressor enness declined, eventually approaching 0.1 when the most expensive
stressor wassabout 1fimes more expensive to restoféwus,stressor heterogeneity is a reliable
metric of cost when stressors are all equivalently costly to restore, but an unreliable metric when
one ormorestressors are orders of magnitude more costly than others. In that case, the cost of

restoring a.site.is determined primarily by the intensity of the most expensive stressor(s).

Heuristic translation of the model. Inspired by ouanalytical and simulation results, we

propose a simple rule of thumb for guiding restoration investments in stngléisor landscapes:

among sites with equivalent levels of cumulative stress, restoration invstsheuld be

targeted at sites with the highest stressor heterogeneity. The rationale for this heuristic is two

fold. First, parsimony dictates that the fewer stressors that must be addressed to achieve a desired
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improvement in ecosystem condition, the more edfstient restoration efforts willd, all else

being equal. High stressor heterogeneity arises when some stressors havertsigy ame

others have low intensity, such that large reductions in cumulative stress cdmeved by

focusing restoration on a relatively small number of higbnsity stressors. This is true
regardless_of.whether remediation efforts reduce a particular stressor completely or partially; in
both cases, cumulative stress can be alleviated most effectively by selecting sites where a modest
number‘of'serious sseors can be tackled, and the remaining stressors are already at low levels.
Our analytical'and simulation results suggest that this logic of parsimonylsipply to all sites

except thase dominated by strong positive interactions among stressaess dosiinated by

stressors thataisproportionatelyostly to remediate.

The'seeond rationale for this heuristic stems from the high degree of ungertaint
surrounding stressor interactions. In msttiessor landscapes, ecological restoration can have
negative effects when the remediation of one stressor increases the severity or impact of another
(i.e., antagonistic stressor interactions; Cedial.2008,Darling andC6té€2008,Brown et al.

2013), butsthese interactions are often complex and difficult to predis.t8at require the
fewest types of intervention have the lowest odds of unexpantagonistic interactions
Accordingly, prioritizing sites with high stressor heterogeneity, where onlydest number of
stressorsJmust be addressegresents conservatie or precautionary approabkcause it
limits the chancéhatunexpected outcomedll jeopardize the success of restoration efforts.

Case studieslmaur entian Great Lakes and Global Rivers

We prepose using stressor evenness and cumulative stress as complementary indices that
together provide information about the practical challenges of restorirgyta siiproved
condition. _.To demonstrate this approach, we used data from recent multi-stmappang
analyses of the world’s river¥¢rosmartyet al.2010) and the Laurenin Great Lakes (Allaat
al. 2013).In.each case,ur goal was taise stressor heterogeneityidentify sites at which the
practical challenges of restoration asgected to bwest (hereafter “restoration
opportunities”), and to demonstrate this appraamioss the entire cumulative stress spectrum
from relatively pristine sites tihose that arbighly degraded.

The Great Lakes dataset consists of raster data layers for 34 stresgor<Chedcross
the entire basireach aalkm x 1km resolution. Cumulative stress represents the summation of
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local stressor intensities weighted by an exgertved index of the relative ecological impact of
each stressor (Allan et &013). The global rivers dataset consgdteaster data layers for 23
stressors and for CS, each at a 0.5 degr&km x 50km) resolution. CS was again based on an
additive combination of stressor intensities and impact weigfitsiémartyet al. 2010).Our
process fordentifying restoration opportunities from a set of individual stressor maps consists of
three steps (illustrated in Fig). First, we combined all individual stressor maps (FigD}A-
into two'intermediate map products: a map of cunudagtress (CS), calculated using expert
derived weightings as in the original papers (Fig 4E), and a map of stressor hetityoge
calculated using the Gini index (Fi4f). The Gini index is widely used in economics as a
measure of inegualitgmong elemas in a set. In our stressor conteaixtakes values from zero
(all stressors have identical intensity)one (a single high-intensisgressoamidst manyerc
intensitystressars). Preliminary analyses yielded similar patterns basesingnthecoefficient
of variation as an index of heterogeneity (Appendix S2). Second, to compare site$anfG8ni
we grouped sites into 100 bins representing 1% increments of CS. Third, within ebh @8
selected thep10% of pixels with the greatest strdssterogeneity, reflecting an arbitrary
threshold identifying sites at which the practical challenges of restoration are most likely to be
low (insetof Fig. 4). The set of sites identified as restoration opportungigsolust to
alternativesstressomonmalization methods and measures of heterogeneityA(gaendix S2.
For simplicity, we refer to each map pixel as a site, though we recognize that the relevant scales
for stressor remediation vary and that msttiessor datasets are best interpretéxicad spatial
scales.

In the.Great Lakes, the set of sites identified as restoration opporthaitidsoad
geographic coverage (FigG), highlighting opportunities for cosffective restoration across
the entire basin, Restoration opportunities dristll five Great Lakesbut high opportunitgites
were often spatially clustered and more prevalent in some regions than othessarRpte,
Lakes Erie .and.Ontario have similar levels of cumulative stress, yet opportunities were more
prevalent inskakeéntario than in Lake Eri€®Opportunities were equally prevalent in littoral (<
5m depthpr<,3m in L. Erie; 12.66% of sites were high opportunity) and offsivaters(> 30m
depth, or>15m in L. Erie 11.33% of sites), but were less common in thelstdral zone (5
30m depth, or 3-15m in L. Erie; 3.83% of sites)the high cumulative stressnd of the
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spectrum(0.9 — 1.0 CS), high stressor heterogenedyurred primarilyin the littoral zoneyet
high heterogeneity arldw cumulative stress (0.1 G5) werefoundexclusively offshore.

Several specific stressors were often the single mostsivestressoat high opportunity
sitesin the Great LakesAmong all sites classified as restoration opportunities,native fish
stocking was.the most dominant stressor in 31.62% of sites, followed by copper conteiminati
(28.10%), sealampreys (12.42%) and PCBs (6.79%). Among sites with high stressor
heterogeneity'but low (0-0.1) CS, invasive mussels were the most dominasursine39.22%
of sites, followed bysusceptibility tovater level alteration (28.76%), nortive fish stocking
(17.78%), and shipping (11.59%). Sites with high heterogeneity and also high (0.9 — 1.0) CS
were dominated by a different set of stressors: copper contamination (59.216\vasming
(33.78%), andssea lampreys (13.03%).

The Great Lakes Restoration Initiati®@®LRI) offers a unique opportunity to evaluate
whether actual résration sites would have been selected as opportunities under our approach.
We calculated stressor heterogeneity within a 5km buffer around the coordegsidsd for
each of the=277 projects funded between 2010 and 2012 (GLRI Z@ld)r surprise, &se
majorrestoration investments have been disproportionately targeted at locatioeswimerous
problematie.stressogive rise to high C®Allan et al. 2013) but strikingly low heterogeneity
(Fig. 5). Indeed, >75%f GLRI sitesoccur within the lowestlecile of stressor heterogeneity
indicating thaimany different restoration action®uld be needed to substantially improve
ecosystem,condition.

In the"globalivers dataset, the set of sites identified as restoration opportunities also
exhibited bethsbroad geographic coverage and spatial clustering (Fig. 6). Opparexigteon
all continents, but exhibit spatial clustering such that there is much highentatioa of
opportunities on some continents (eldpsth America) than others (e,&outh America). Sites
with high stressor heterogeneity but low (0 — 0.1) CS were typically clustered in higarnor
latitudes. Conversely, sites with high heterogeneityragh (0.9— 1.0) CS were globally
distributed.with particular concentratiomswestern and southern Africa, India, and China.

In the'world’s rivers, several specific stressors were often the single most dominant
stressor in high opportunity sites. Amasites classified as restoration opportunities-native
fishes were the most dominant stressor in 29.1% of sites, followed by fishing pr@ssu#e)(
mercury pollution (14.1%), and fragmentation (12.7%). Among sites with high stressor
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389  heterogeneity but low (0 — 0.1) CS, mercury was the most dominant stressor in 79.1%p of site
390 followed by aquaculture (11.7%) and fishing pressure (9.0%). Sites with high heterpgedeit
391  also high (0.9- 1.0) CS were dominated by non-native fishes (41.4% of sites), huatan

392  stress (18.5%),.and river fragmentation (13.6%).

393

394 Discussion

395  Our prioritizationframework is rooted in parsimony arguments for selecting restoration sites to
396 maximize'ecological return on investments in remediation. This approach levéages t

397 increasing availability of spatial data on the severitg @fide variety of stressors (Daetal.

398 2007, Halperret al.2008, Vorosmartet al.2010,Allan et al.2013), which is generally

399 analyzed selely from the standpoint of cumulative stiesstoalack of information on

400 restoration coster interactions among stresso@réin et al2008,Darling andC6té 2008,

401  Halpern and Fujita 2013)Ve find that the practical challenges of restoration will typically be
402  negatively'correlated with the evenness of stressor intensities at a site, suggesting that a simple
403  index of stressor heterogeneity can be quite helpfutiBartifying opportunities to most improve
404  ecosystemrcondition by remediatiagnodest number of stressors.

405 Formost ecosystems, detailed data on restoration costearailablgBernhardt et al.

406  2007).Ouranalytical angimulationmodelresults (Fig. 3A, B) constitute a sensityvanalysis

407 that reveals thahe stressor heterogeneity index is robust to considerable uncertainty in the
408 details of the cost functiongVe find that stressor heterogeneity willdieonglycorrelated with

409  restorationscosgxcept in three cases: when one or ntminantstressors are orders of

410 magnitude'mere expensive to rest{per unit of stressor intensithan other stressqreshen

411  synergiesiamong stressors are so large that they are the primary determinantstfahe co

412  restoring a site,.and wheites are dominated by stressors that exhibit diseconomies ofrscale
413  restoration costdf managers are able &voidthese three exceptional cadased on expert

414  knowledge,.then further detailed cost dataumiéely to benecessary in order to use stressor
415  heterogeneity'as@eneralmetricto aid inidentifying restoration opportunities.

416 We envision thathe stressor heterogeneity metsitl be most usefuls a firstpass filter
417  for rapidly reducing the number of candidate restoration sites, setting glef@tanore formal

418  prioritization methodsRkestoration efforts that address one stressor in isolation may have little
419 real benefit if they fail to accoufr the other problematic stressors at a @teans et al. 2011,
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420 Wilson et al. 2011, Brown et al. 2013), yet limited data on restoration costs and bgpefaity

421  precludes formal returan-investment (ROI; Auerbach et al. 2014) or structured decision

422  making (SDM; Tlioch et al. 2015) analgs that account for airoblematic stressors in an

423  ecosystem. By selecting sites with the highest stressor heterogeneityueugper decile

424 criterion), managers could quickly eliminate from consideration those sites with numerous

425  problematic stressors. Importanthgcauseites with high stressor heterogeneity have only a

426  modest'humberfdiigh-intensitystressorstheyarewell-suited forfurtherprioritizationvia ROI

427  or SDM analyssthatfocus on tiat key sibset ofstressors.

428 Our framework for estimating restoration castequally applicable to any of the various
429  motivations farrestoring a site. Some organizations prefer to target restoration efforts toward
430 high biodiversity sites, others target sites with important ecosystem services, and yet others
431 choose sites based anorganizational mandate to remediate a particular class of stressors

432  (ClewellandAronson 2006, Bullockt al.2011,Hallettet al.2013). For each of these priorities,

433  stressor heterogeneity can reveal sites at which restoration would have highibeegfrn for

434  addressing=asminimal number of stressors. For example, intersecting magisraticn

435  opportunities'with mapsf ecosystem service3rneret al.2007, Naidoo 2008, Egadt al.

436 2009, Nelsoret al.2009, Allan et al. 2013) woukiighlight locations where restoration efforts

437  couldbesteontributeto sustaining key services. Similarly, intersecting maps of restoration

438  opportunities with maps of biodiversity priority speciegAuerbach et al. 2014) would

439  highlight lacations where mitigation of only a subset of stressors could subsyamtigthent

440  conservation‘effortd8Because our metric is applicable across broad spatial scales, it could also be
441  used to suppert regional coordination of conservation investments, which can beruprtes

442  as costeffective as locascale planning (Kark et al. 2009, Mazor et al. 2013, Neeson et al. 2015).
443 Stressor,heterogeneity is a particularly useful metric for agencies mandated to manage a
444  particular class.of stressors, because itmnsed tadentify sites where remediation of their

445  focal stressor.alone would result in a large decrease in cumulative stress. For example, 59% of
446  the sites inthe Great Lakes with high CS and high heterogeneity were impactestromagy by

447  copper in sediments. If environmental management agencies (e.g., USEPA or Environment
448  Canada) focused their efforts on these sites, remediation of sediment metals alone would result in
449  arelatively large decreasedomulativestress. This examplBustratesthe potential for stressor

450 heterogeneity to serve as a fipstss filterthat drastically reducee number of candidate
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restoration sitedoy focusing further prioritization efforts exclusivain highheterogeneitgites,
managers could more feasibly perform the detailed analysis needed to predicb#imlipy of
successful managemeiditrill et al. 2008, Joseph et al. 200B8) that context, it is particularly
striking thatthe hundreds of Great Lakes sites selected for major restoration invisstmeer
GLRI show.lew stressor heterogeneity along with high CS (Fig. 5). This pattefesiginat
remediation of one or a few stressei@s was typical in GLRI projectswould have limited
scope for ecosystenesponse due to the continuiogcurrence obther highintensity stressors.
While the 'GERIsite selection processirely incorporatedhanypractical and societal issues that
are not considered here, our results suggest that accountsigeksor heterogeneitpuld have
been helpful.

A key assumgon of our approach is that all stressors are equally remediable. In reality,
some stressors; such as those associated with climate ctamget, beemediatedhrough local
action. As a result, a site impacted primarily by climatic variables might exhibit high
heterogeneity but offer few practical avenuesémnediationThus, commorsense screening of
both stresserswand sitasist be involved imppliing cumulative stress or stressor heterogeneity
metricsto restaratiorprioritization. Our approach ialso constrained by the uncertainties and
assumptiens_ common to all threat mapping efforts (Halpern and Fujita 2013). Howesar, thr
mapping.methods continue to be refined, and increasingly accurate threat mapsrgigeior
many of the world’'s ecosystems. Our framework provides a medegetage these increasingly
sophisticated spatial data sets to aid inpheritization ofrestoration investments.

Ourdevelopment of stressor heterogeneity as a metric of restoration feasibility has
interesting parallels with the quantitative characterization of biodivershgs long been
recognized that biodiversity at a site has two major dimensions: speciessa@mnd species
evenness (Hayeknd Buzas 1997As a result, the diversity indices of choice integradth
richness and.evenness (Magurran 20Bdcontrast, multstressor analyses have focupedely
on generating.defensible indices of cumulative stressimfudly weighting stressors (Teek al.
2010) or using factor analyses to disiiressor associations (Danz et2007). This focus orCS
alone results in discarding much of the information in naiteessor datasetsideed, even a
simple two-stressor case illustrates how stressor heterogesaitppe functionally independent
of CS(Fig. 2).When comparing large numbers of sites for restoration purpmsesyodel
results and case studiagggesthataccounting for stressor evenness substantially boost
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potential ecological return on restoratiorestmentsvhen multistressor data are available
Moreover, if additional considerations such as ecosystem services or bidgigansbe depicted
spatially,analysis of stressor heterogeneity barintegrated witthese other factoiga a similar
fashion to_thexample of CS offered in this paper. Ultimately, the more information that is
incorporated.into prioritization procedures, the higle¢urn on restoration investmans likely

to be for society.

High=resolution stressor mapping has become a key component of modern conservation
sciencg(Tulloch et al. 2015)By more fully utilizing the information within muHstressor
datasets, inaybe possible tsubstantiallyeduce theost of improving ecosystem condition
through restoration efforts. Applicatiaf our stressor evennesuristic to two prominent
multi-stressor datasessiggestshat restoration opportunés are geographicallyidespread,
indicatingpotentialfor selectingportfolios of projects in which diverse constituencies have a
stake By design, this range of sites represents the full spectrum of conseef&titg) from
preserving.relatively pristine areas to remediating healalyraded ones, thereby suiting the
expertise and"mandatesabvide rage of organizations (Ganet al.2008,Banet al.2010).As
multi-stressordatasets become increasingly available for the world’s ecosyatémes,
strategiauseof these dataan provide a efficientmeans of priorizing sitesbased on their
potential fercosteffectiverestoration efforts
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Figure captions

Figure 1: Three general classes of cost functions, which relate the cost of restoring a stressor
(vertical axis) to the intensity of that stressor (horizontal axis).

Figure 2: For.subadditive cost functions, sites with high stressor heterogenedts @epkensive

to restore, (A) Hypothetical patterns of stressor intensitysimale landscape of two sites A and
B each with«two stressors (s1, s2). Sites A arhte equivalent cumulativstress (51 + Xa2

= Xg1 + Xg3)abut site A has higher stressor heterogeneity. (B) Due to subadditivity in the cos

function (solid line), site A is less expensive to restore (i.£1,£Ca2 < Cg 1 + Cg2).
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Figure 3: Correlation between the cost of restoration and stressor heterogeneity (vertical axes) as
a function of the magnitude of the variance in interactions among stressors (A) and the
magnitude of the variance in differences in the costs of remedsteggors (B) in simulated

multistressor landscapes.

Figure 4: The derivation of a map of restoration opportunities from a set of individual stressor
maps. A'set'ofindividual stressor maps (A-D show four of thirty-four maps used)naloeed

into a maof'cumulative stress (E) and a map of stressor heteroget@itylated using the Gini
index (F)..These two maps are then combined into a single map of restoration oppo(tajities

by selecting the sites within the top decile of stressor heterogéoesiynilar levels of
cumulativesstress (inset on G).

Figure 5: Recent restoration investments in the Laurentian Great hakedeen

disproportionately targeted at locations with numerous problematic stressors. Histograms of the
Gini index(A) atall 241,943 pxels in the Great Lakes, and (B) at 277 GLRI sitesver Gini

scores indicate the presence of multiple higknsity stressors.

Figure 6:"Restoration opportunities in the world’s rivers. High opportunity sitescae within
the top decile Dstressor heterogeneity among sites with comparable cumulative stress.
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