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Proactive wildlife disease management

Despite calls:for improvedresponses to emerging infectious diseaseswildlife,
management isseldomconsidereduntil a disease has been detected in affectedpulations.
Reactive approactkesmay limit the potential for control and increase total response costs
An alternative, proactive management framework candentify immediate actions that
reduce future impacts even before a disease is detectadd plan subsequentctionsthat
are conditional on disease emergence. Wdentify four main obstacles to developing
proactive management strategies for the newly discovered salamander pathogen
Batrachochytrium salamandrivorans (Bsal). Given that uncertainty is a hallmark of wildlife
disease management antthat associateddecisions are often complicated bynultiple

competingobjectives, we advocate using decision analysis to create avdluate tradeoffs
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betweenproactive (pre-emergence) and reactive (postmergence) managemeraptions.
Policy makers and ratural resource agency personnetan apply principles from decision
analysisto improve strategies forcountering emerging infectious diseases.

Front Ecol Environ2017;

In a nutshell:

o Effectivemanagement of emergimgfectious diseases characterized by a need for rapid
response in the face ohcertainty

e Exploring, developing, and implementing proactive management strategies (prior to
emergencegan beaidedusingprinciples fromdecision analysis

e We'identily four challengeso succedsil proactive managemefdr the salamander
chytrid fungusBsal includingalack ofdiseaseolicy, fragmenteananagement
responsibility, multipleeompetingobjectives, and few effectivegptions for post-
emergenceontrol

e Proactivemanagement for emerging diseassguires innovatiorgonfronting perceived
constraints, and collaboration to enstiraresources spewin research, monitoring, and

surveillanceare directly linked back to improvingildlife populations

Because athogens are recognizedasincreasing threat to biodiversity (Daszztkal 2000),

the selection.and application difeasenitigation and contrahctionsmust be improvedsince
2000, there have been multiple calls for better surveillance, internationdiraian, and
responseto emergingwildlife diseases (Kuikeat al. 2002; Grogart al 2014; Voyleset al

2014), anghe capacity for researchers and management agencies to idatiggtionactions

has increased substantially. For example, the first conservation plans for tHgathggen
Batrachochytrium dendratiidis (Bd) weredeveloped in 2005 and 2006 in Australia and the US,
respectivelynearly adecade afteBd was identifiedas the cause of substantial amphibian
populationsdeclines and extinctions (Bergeal 1998). In contrast, a response plan for the
fungal pathogei?seudogymnoascus destruct@Rd) was drafted in 2010, justy®ars after the
pathogen was identifieals the cause of white nose syndrdivieyleset al 2014). Despite ib
improvementsuchplans stillemphasize reactive responses, with management considered only

after the occurrence of the diseass haen documented in wild populations. This post-hoc
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“crisis management” strategy is typical in wildlife disease outbreaks (Veyks2014) and
conservation decision making in general (Lindenmayel 2013). An alternative, more
proactive approach is increasingly recognized as potentially beneficiahf@gament of human
diseases (MachalalaamdKaresh 20%) and can alsbenefitwildlife conservatiorfHyattet al
2015). By evaluating the rangeaxdtions that could be tak@madvance of a hypothetical
diseasentroeduction,managers can minimize the riskrefcting irrationally and ineffectively
(Wilson"2008)."Past experience with human and livestock diseases and invasive species
demonstratés'that actipgior to emergence can improve outcomes, andatsyreduceoss
and promotegreater efficiencyFraseret al 2004).The key to successful plementation of
such an approeach is theility to makepredictions (for exampldased on systematiddrooks
and Hoberg2006and to carry out adequate surveillance (Machalaba and Karesh 2015).

Batrachachytrium salamandrivorariBsal) is a fungal pathogen thiaas recently
emergedn Europe (Martekt al 2013, 2014), causingidespreadnortality in wild and captive
salamandersn that continenBsalcan be transmittethrough contact with infected individuals
or substratesycausisgin lesionsin infected animalsthesemay result in secondary bacterial
infections thatdead to mortality (Martet al 2013). The pathogen is presumably native to Asia
(Martelet-al,2014) and was likely introduced into European salamander commuwiatihe pet
trade (Cunningharat al 2015), which accordingly poses risks to salamander communities
worldwide. The eastern US contains the highest diversity of salamanders iorithieincluding
141 speciesf the Plethodontidae, a family that is also potentially susceptildeat{Martel et
al. 2014). AltheugiBsalis not present in wild populations of salamanders in North America,
Martel et alx(2014) demonstrated lethality to native US species (Figutéihjroduced and
spread throughout the UBsalmay have devastating consequences for native North American
salamanders similar tothe amphibiameclinescaused byhe closely relateBd pathogen (eg
Bergeret al,1998).

Over 28/million amphibians were imported into the US over the past decade, including an
estimated. average of 426 potentially infectious salamanders imported into taelU&ag
(Richgelsetval,2016). legislation regarding importation restrictionas beng drafted by the US
Fish and Wildlife Service (USFW$rior to June 2015, an actiatsotaken by European Union
nations (Recommendation 176 on the prevention and control Bath@chochytrium
salamandrivoranghytrid fungus; 35th meeting of the Standing Committee of the Convention on
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the Conservation of European Wildlife and Natural Habitats; 1-4 Dec 2015). FinalibedUst
in January 201618 USC42 8§16.14;Interim ruling:injurious wildlife species]isting
salamanderdue to risk of salamander chytrid fungus), tHeFWSrule lists 201 species of
salamanders dsnjurious’ to the wildlife or wildlife resources of the USider the Lacey Act.
To control the,introduction and spread of an injurious speitied,acey Act prohibits the
importation. and interstate transport of listed species without a permit issued byRWSUS
While preventing disease introduction during the pneergence stage is likely the most effective
action (Macketal 2000), this rulewhich bans imports and restricts interstate transport of
amphibians, may not fully mitigate the risk to native US salamander populationssBeca
preventionsmay. not be possible, as@nsiderea¢thoiceshat may arise if prevention is
unsuccessfuMoreover there is a cost to delaying importation restrictions when pathogens are
known to be spread via international trade (apl 2015). t is thereforealso prudent to
consider the cost of delaying other pre-emergence strategies that may improagiqoopul
resistance.or resilience to the introduction of a pathogen (Dreehsle2011; Martinet al
2012).

The"optimal allocation of resources to prevemticontrol, or mitigation strategies
depends-en,theurrent infection status of a sitbe neatterm potential for infectionand the
range ofpredicted impacts (Leurgf al. 2005). Given thaBsalpresents a serious threat to
worldwide salamander biodevsity (Martelet al. 2013) and North American salamanders are at
elevated rislof infection (Yapet al 2015;Richgelset al. 2016), decision makers and researchers
have a uniguewepportunity to develop and implement preventative management strateédees, a
devise a plan<for responsive, post-emergence actions in advance of a wildlife pathoge
introduction. Here, we used todt®em decision analysis enhance the capacity of scientists and
resource managers at multiple organizational levels to frame decisions, identify critical
information.and, policy gaps, effectively coordinate actions and information sharinglesnidyi

impedimentghatmust be overcome for a successful respon8sab

Confrontingremerging wildlife diseases
Decision analysis originated in business and economics as a nor(attietured)rocess for
rational decision making, and has proven particularly useful for problems involving multiple

objectives andincertaintiegKeeneyand Raiffa 1993). The decision analysis framework
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compartmentalizes problems into five stepsago identify and reduce impediments to finding
solutions: (1) framing the context of the decisi(®) identifying objectives, (3) identifying

actions that helpo achieve objectives, (4) predicting the range of consequences of each action in
terms of the objectives, anfl)(evaluating tradeffs among objectives to identify optimal

actions (Gregoret al 2012). Arange of facilitation techniques from behavioral decision theory
can reduce various sources of bias, and counteract perceived constraints to find the bes
managéement strategy. Furthermore, decision analysis invehaxe of analytical tools that

allow decision"makers to investigate the role of additional information in ¢wamnenfuture

decision making. When information is unavailable, formalized methods can be use to elic
expert judgments and identify key research prioritiemdduture decisiormaking. Importantly,
decision analysibasalreadybeen recognized as a key framework for proactive management of
wildlife diseasejrisk@Cox et al 2013; Mitchellet al. 2013).

In a workshop setting, we used this approach to begin to frame and explore impediments
to making decisions aboBsal Workshop participants included scientific experts (in fungal
pathogen ecolagy, epidemiology, disease modeling, amphibian life history, and individual- and
populationlevel responses to diseass well agesource manage(gesponsible folocal and
regional' management of amphibian populations and hakatadspolicy makergfamiliar with
US federaland stateolicies onimportation biosecurity and thepet tradg. Participants were
selected to represent a diversity of experiencehaddsome responsibility for informing and
carrying out management strategies, enhanmatigborative management, crieatlinks
between researchers and managersirghand synthesizing expert knowledge, and exploring

proactive management strategies.

Challenges forresponsedevelopment

We identified four major challenges to effectively developing and implementinggewuest
strategies. to preveBsalfrom affectingUS salamander populations, using knowledge gained
from US andinternational respongesecent infectious wildlife diseases (Bd-induced
chytridiomyeosis in anuranBsatinduced diesffs of salamanders the Netherlands, white
nose syndrome in bats, and devil facial tumor disease in Tasmanian devils). Theaflestk of
clear, formal legislative and organizational governance to address emeiigiifg diseases
which effectively limits the range of potential actions that can be considered dwing pr
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emergence to mitigaggostemergence impacts. While regulatory agencies actively protect the
US from human pathogens (ie tGentes for Disease Control and Prevention) and agricultural
threats (ie the US Department of Agriculture), federal laws aimed at protecting amphibians are
limited to the Endangered Species Act (B®A1973 (which also provides implementation of
CITES), the.Sike Actof 1960,and the Lacey Actle USC §883371-78). Additionally, ESA
applies tol8 species (9%) of salamandbérg cannot be used to protect species from potential
future risks'such aBsat likewise,the Sikes Act applies ontg military lands which are

managed in“cooperation with the M§Sand statdevelfish and wildlife agencies to ensure
ecosystem protectioand covers amphibians as components thereof. The Lacge/ains
mainly to vertebrate wildlife species (and some invertebratestizofaas crustaceans and
mollusks)that have beedetermined to be injurious, rather tharwildlife pathogens (eg fungi,
bacteria, or virusesyVhile the Lacey Actis one potential regulatory mechanism to restrict trade
in potentially infected salamanders, it cannot be used to restrict hosts of patiitigehest is

not determined to be injurious. New legislation would be needed to address emergir@usfect
diseases thatrmay harm thealth of wildlife populations but that do not have anls eitherto

the health of agricultural animals tarhuman health, which are covered under existing
legislation:

Thessecond challenge involves tlesponsibility formanagingsalamander species and
populations in the US, whids fragmented among agencies that haslzverse and often limited
range of authority to apply management actions (Figureetleral agencies manage less than
onethird ofitheytotal US land ard&orteet al. 2012) and although several agencies manage
millions of heetaresontaining dargediversity of salamanders, most responsibility for
susceptible species falls to US states. States often frame and make decisions about species
conservation and management independently. The ability for managers to rapidly coartinate
communicate current and planned actions across organizations and regions was considered a
critical obstacleo mitigating the risk oBsal Overcoming this impediment is particularly
important when decisions made by one agency influence anatlhditg to successfully
implement'a management policy. Using tools fidecisionanalysis, natural resource managers
can link theiractionsacross space and timénderstanding the full range of problems associated
with making decisions abo@salacross states and agencies can provide insights into which

require jointallocation in circumstances whemne decision and outcome will influence another.
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Additionally, opportunities fotearning across agencies with similar decisioaking problems
can be framed within a formalized adaptive management framework (Wikibats2009.

The third challengeoften overlooked but critically importams, that even if optimal
strategies for disease management are identified, they may conflieinaiiency’s other
ecological, secial, or economic objectives. Natural resource agency personnel and policy makers
have articulated a range of fundamental objectives for mitigating hazards associa@gshlith
(Table 1)."Theselyectives include aspects of salamander conservation, such as population
persistence and diversity, and aspectBgalrisk mitigation, such as its @sence and impact on
populations. However tber (possibly conflictingdbjectives relate to social benefits (eg
recreatioroppeortunities on managed larasd public use of habitats shared by salamapders
economic eoncerns, including ecosystem servicagpagement costs, and costs to stakeholders
(ie those in the'amphibian pet trade); and values pertaining to other waathféeg non-
salamander species of concern).

While some management actions (Tablenay be effective at reducing or eliminating
Bsalrisk priorto first detection, natural resource agencies may still be hesitant to implement
these strategies if they are perceived to afféoer objectivessuch as detracting from
recreational . opportunities or harming other spe@#sicturing a decisn analysisnvolves
identifying-objectives relevant to each decision maker, and allows proposed management
solutionsto be measuredgainst the entire set of objectiv@gcauseheylikely depend on the
relative importance of each objectjtedeoffs can be identifiedhrough this type of
assessmentsing this approacprior to Bsaldetection camelpnatural resource agencies
prepare fodifficult decisions (ie tradeffs) oremploy strategiefor minimizing the
consequencdsr other objectivesDifferentagencies maglsohave noneverlapping objectives
andmayimplement actions at different spatial scales (from continental to I&athcompeting
interests can makeliarderto identify a single solution for effectivBsalmanagement, and
thereforehighlights the need for linked and conteldpendent decision analysis to evaluate a
complex setof potential management strategies.

A fourth_challenge may remain even after those descabede have beanitigated:
there may be few options for management. Uncertainties in the ecology of a pathggen ma
contribute to dack of viable solutionsavailable in advance of a disease outbreak (Woodlkeams
al. 2011). As uncertainty is a hallmark of emerging infectious disease management, @ofndee
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any resource management problem, we devote more attention below to the framework for

developing and selectinganagement actions in the faceuotertainty.

Developing management strategies despite uncertainty
Disease management requires acting wiberfect informationDeliberatelyincluding
uncertainties into the evaluation of alternative strategies can greatiyvenihreidentification of
robustalternative§Regaret al 2005). We framed decisions within a conceptual model of
disease emergenaad impacts on salamander populations. By using this model, we were able to
characterize the uncertainties expected to influence the successful implementation of a variety of
potential proaetive management strategidee resulting influence diagram considered two
immediately salient and potentially competing objectviethe USFWS(persistence of
salamanders and economic coBigure 3). The diagramncluded four operational steps for
disease emergengare-emergence, emergence, epidemic, and establishaseimi_angwiget
al. (2015),'Researchers and managers jointly built an influence diagram for eactf 8tsaje
emergencestorcapture the factors that influence salamander population responses to the disease
Managementiactions that influenced each factor were then added as an example of how
management strategies (which could consist of simultaneous or coordinated actitchde
developedrand formally evaluated. Potential actions were generatsdpardtednto general
categories of actions and stage of emergence where the action would be appropria® (Table
based on experiences across agent types, affected taxa, and environmental cdrtdbtions.
relative effectiveness of each action and the experts’ confidence in the efficacy ateach
was formally-elicited.

However these actions are contespecific andlo not necessarilsepresent the best
action in every situatiorm.o help devise innovative actions relevant to various management
contexts weused formal elicitation methods thdentifiedresearch needst population,
community,.and habitat scales. These inclug&ddeveloping additional diagnostic and
detection_methods fdsal (egin environmental sampleq2) assessinghe susceptibility of
additional petential hosts, including vertebrates other than salamaf®jedgntifying the
transmission pathways to focus control effofdg,developing and evaluatirthe effectiveness of
shortterm containment measures (suclsi#s isolation and local treatmerd)d (5) longterm

strategies to promote host—pathogeexistence (such as breeding for resistance or tolerance).
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Experts at the workshop also recognized that a single action will most likely not be
effective in managig Bsaland its effects on populations, and thétimately, response strategies
are more likely to represent combinations of actions, depending on the decision context and it
constraints. For example, we used a simplified “Bayesian belief network” (BBN; Mzrabt
2006), a tookfrom decision analgsto formalize how the impact &salemergence is
conditional,on.the probability of spread, which in turn is conditional on the probabilityrgf ent
(Figure™):"Specific management actions may be aimed at modifying those prisallithis
example, regulating trade can change the probability of entry, and therefore thelipyaifabi
spread, whereas containment efforts may change the probability of spread witiirtigaf
entry. Expanding this BBN will allow us to explicitly identify and charactetirse linked
decisions. Graphical decision aids, such as influence diagrams and BBNs, can be scaled to reflect
the different actions available to management agencies, relevant uncertainties and hypotheses,
diverse management objectives, and the sp&tiedl( state, region) and temporal (short-,
medium, longterm)dimension®f disease management responses.

Optimalmanagement strategies may chassgencertainties are reduced through
monitoring'and/or researctvhichshould target the uncertainties thastaffect the choice of
preferred"management actiofeducing uncertainycreases the ability to predict and attain
desired outcomes (Rungeal 2011). Moreover, actions are likely to be initiated at different
stages of disease emergence (Langtigl 2015) Stages may hienperfectly observed but may
beidentified_for example, by the first detection of the pathogen (at a continental or lo&g| scal
or by the first'detection of population declines or afits: Information about the state of the
system (ie'gathered by surveillancejhsreforevital and should be clearly linked to
management actions and objectiveshsd itis usedasefficiently as possible (Lyonst al
2008).

Conclusions

With the advance knowledge of the threat poseBdalto US salamander speciasjentists

have a unique.opportunity to address the introduction, spread, effects, and contgiéstfate

novel infectious disease before widespread declines occur. Decision analysis offers a wide range
of tools that can attess the challengdisat are identified withimn explicit and transparent
framework(Keeney and Raiffa 1993%pecificmanagement problemsevwenot evaluated during
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this workshop. Howevenatural resource agencies and policy makers will be able to employ the
principles of decision analysis and build on the range of objectives, conceptual models, and
uncertaintiesdentified in orderto facilitate the framing oBsal decision problems and to explore
proactive management strategi€ke opportunity to actively manage populations ahead of
epidemics is.a notable hallmark of tBsalthreat which may serve as an example in developing
responsesito future emerging infectious diseaSealuatingand implementing strategiés
Bsalandotheremerging infectious wildlife diseases maguire new approachesnce

proactive management of populations aabitats(which mightresult insuboptimal outcomest
presentseekdo mitigate a disease threghathas not yet emergedhis differs fromthe “dual
control” preblem in adaptive management where managers choose strategies to optimize
outcomes both'now and in the future (eg by learning about system controls; Walters and Hilborn
1978). Given the degree ohcertaintythat characterizesianagement of emerging infectious
diseass, using a formal adaptive management frameworkaistybe desirabldecauset
couldprovideinsighs into mitigating local disease risk while also maximizing the opportunity to

learn aboutthe diseasad improve future manageméwilliams et al. 2009).
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Figure 1. The eastern newhNptophthalmus viridesceps broadly distributed throughout
eastern North Americand is one of several species of US amphibians with demonstrated

susceptibilityte th®&atrachochytrium salamandrivorafisal) pathogen.

Figure 2. "Fragmented management responsibility for salamander populations in the US
complicates'the coordination of management decisistase and federal agencies may share
jurisdiction for areas characterized lhygh salamander diversity, and also must consider other
objectives that are locally importabtt may compete with amsal management response.
Here, we overlay courdigvel salamander diversity (top right; occurrence 68Q salamander
species) witliederal land ownership (bottom left), resulting in a small and fragmeatktdl
jurisdiction over management decisions for salamander diversity (indicatedrblyers of
species present on individual protected lands: usffS¥orest Servicenps = National Park
Service fws = USFish and Wildlife Servigeblm = Bureau of Land Management) across the
US; most management decisions for salamander populationsearegponsibility of state

agencies.
Figure 3. Simplified prototype influence diagram that links potential management acagi@®s(

rectangle$ and abiotic and biotic factors affecting disease and amphibian processkes/éls

represent stochastic events, white ovals represent contributing processes fundamental
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management objectiveel hexagong persistence of salamanders and economic impacts of
management actions, which are used as examples here but would be expanded to include all
objectives of each local decision mak@utcomes of a chosen set of management actions may
lead to positive or negative outcomes for the objectives. For example, regulatiagragd

reduce profits,for some segments of the pet trade but create new markets festatthin
salamander trade, while anfiingal treatments may improve the persistence outcomes for some

speciesbut'notothers.

Figure 4. Simplified example of an influence diagram (Bayesian belief network) to guide the
choice oBsalmanagement actions in the US. The outcome (impact) is conditional on stochastic
events such as the entry and spread of the pathogen. Both are represented as conditional
probability tables, where probabilities may or may not be influenced by management actions.
This influence diagram may leasilyexpanded to account for more complex scenarios (eg

multiple sources of entry and additional control options).
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Table 1. Three examples of competing objectiveis Bsal management amongJS agencies

Agency Objective 1 Objective 2

_ L\ _ Minimize substantiabconomiadmpact to individuals relateq Restrict international trade and interstate moveraén
US Fish andwildlife_ Service

to changes in salamander imports and pet tpadiey salamandert mitigate risk of importation dsal

Conservation of salamander populati¢gménimize need for o - - o
Maintain abilityto conducimilitary trainingand

US Demrtmentof Defense listing salamander species under the Endangered Species N )
missioncritical operations
Act [ESA])
_ _ Conservation of salamander populatigngluding those o
US National Park=Service Maintain natural ecosystem processes

listed undethe ESA)
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Table 2. List of potential action categories considered during each stage of pathogen emergemgth their expected level of

effectiveness and confidence in that effectiveness

Potential action category Stage ofemergence  Expectedrelative Relative confidence
effectiveness in effectiveness
P E Ep Es

Containment of infected sites X X X Low Low
Alter host species*eemposition X X Low Low
Apply antifungal’agents to salamanders X X Low High
Remove susceptible and tolerant salamanders from infected « X X Low High
Limit site access.(by humans and other vertebrates) X X X X Low High
Quarantine salamanders X X X Moderate Low
Require health certification X X Moderate Low
Apply anti-fungalagents to habitats X X Moderate Low
Vaccinate salamanders X X Moderate Low
Apply probiotics to"salamanders X X Moderate Low
Physical modification_of habitat X X X X Moderate Moderate
Enforce fieldwork=biesecurity X X X Moderate High
Create assurancecolonies X X Moderate High
Breed salamanders for resistance and/or tolerance X High Low
DeployBsalzoospore removal methods X X X X High Low
Enact legislation that authorizes actions on wildlife pathogens X High Low

This article is protected by copyright. All rights reserved



Ban allimportation of salamanders X X X High Moderate
Restrict salamander trade X X X High Moderate

Destroy habitats efsinfected sites X X X High Moderate

Notes:P = Preemergence, E = Emergence, Ep = Epidemic, and EEstablishment. Expectations weliited using the expert opinions of six groups of

participants.(each composed of approximately five individualshgthe workshop.

This article is protected by copyright. All rights reserved



fee_1481_f1.jpg

Author Ma

This article is protected by copyright. All rights reserved



it o

Jjpg

fee 1481 2

Jel\ Joyiny

This article is protected by copyright. All rights reserved



Econ

e e
\S oLUrce

irmpras

Agricultural ™,
.x_t_r_ansp_o_l:t_,.

P
Source \Fjj_mltes

~ Animal
o

( Pathogenicity )

Reservairs)

S sie T

'\Eﬂaracteri stics,/

T
(Himate ]

r/"'-S_pecfégm\

cmﬂposrtion)
I/fbntacf\: < P_Epulgt}ah\,
o rates __size__~

CTr-nﬁmunitHesistanc;)

labitat )

"_fannectiv-iﬁr

fee 1481 _f3.tif

This article is protected by copyright. All rights reserved




Impact
No spread Spread
No entry ImpacthE,NSl Impact{NE,S)

Entry Impact|E, NS | Impact(E,S)

/ N

Probability of entry Probability of spread

No containment Containment

No'prevention Prevention
No entry P{sprealeE,NC)| P(spread |NE,C)

P{entry|noprev) P(entry|prev)
Entry P(spread |E, NC}) | P(spread|E,C)

f f

Action: containment

d

ion: prevention
¥ Site isolation

gulg’j?ittrade v Local decontamination
ach d ¥ Site manipulation
v Modify community

fee_1481_f4.tif

This article is protected by copyright. All rights reserved



