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M anagen1cnt of b1uccllosis in the Greater Yello\vstonc Arca (OYA) is difficult because the d isease 
exists in a con1plcx ecologic.al and p<.>liticaJ systen1 and there is a high degree o f uncertainty in 

our understanding o f i n1portant processes. Decisions on control of brucellosis are further complicated 
by the 1\eed to consider econolnic. socia.1, political, and biological consequences of n1anagen1ent activities. 
Bec.ause there a.re so 1nay factors to be considered, quantitative n1oclels are likely co be an essencial paJt 
of any process for evaluating ahen1acive n1anagement opcions. ln pa.rticular. quantitative 1nodels of 
brucellosis dynani.ics are required to gellerate credibleestin1ates for costs and benefits of vaccination, 
test alld slaughter, or other alternative actions. Quanritarive models are necessary to realistically estiolate 
both the 1nagnirude and durati.on of Olanagen1enr efforts rhac target specific oucc-0n1es. Nfost io1porcantly, 
quantitative models also offer che possibility of devising management strategies that are robust to the 
mul!imde of uncenainties in any wildlife population or epidemiological forecast. Using diese models, 
adaptive 1nanage1nent strategies can be devised that include recon11nended responses co fun1re sit\lations 
d>at cannot be fu lly predicted. 

Disease managcme.nt in free-rang ing wildlifC populations is inhere.1uly n1orecomplex and difficult than 
control or d isease in don1esticorc.aptive animals. With fre.e.-ranging wildlilC, it is usually difficult and 
expensive to cstin1ate. the s ize or geographical extent of the target population accurately. It may be 
impossible to precise ly estimate. disease prevalence o r transmission rate. an<l the efficacy of vaccines 
may be unknown or variable . Even 'vhe.n these factors arc kno,vn. our abilil)' to caprure or treat animals 
will almost always vary bet\veen years and locations. Under these conditions · 'vhere variability and 
uncertainty are high .. models 1nay be particularly useful because they can help focus resources where 
they v.~11 have the greatest in1pact. Active adaptive 1nanagen1c nt progra1ns use nlanage1nent actions to 
probe the syste1n in systen1atic \vays that will simuhanCQusly achieve managen1ent goals and i1nprove 
knowledge of systen1 dyna1nics. Co1npeting models that acknowledge uncertainly are core comp<.ntents 
of most adaptive n1anagen1ent progran1s. During the initial phase of nlodel develop1nent, \Ve 1nay have 
littleCQnfidence in model predictions, and the most in1portant role of the 1nocleling process is to synthesize 
know I.edge and focus research. As more knowledge becomes available, confidence in n1odel pl.'edi.ctions 
increases and results becon1e more val.uable for supponi.ng lnanageo1enr decisions. 

ln this paper, we reviev.• past and current effons to niodel dynan1ics of brucellosis in free-ranging bi.son 
and elk populations and summarize findings !Tom these effons. We identify high-priority needs for 
work to be done and our ongoing efforts to address SOLne of these issues. 

Design of Models for Brucellosis 
All brncellosis models are simplified abstractions of a hig]lly complex system and they are oonstn1cted 
fro1n assun1ptions that are n1ore.-or-less supported by data. These asswnptions can be conside red to be 
testable hypotheses. As Box ( 1979:20 I) so astutely observed, "All models are wrong, but some are 
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useful... In a n1anagcmcnt context, models are n1ost appropriately evaluated by considering 'vhcther 
decisions n1ade with their use are better than decisions n1ade in their absence. 

Disease models range froLll simple to complex, and from statistical to ilighly rnochaitistic. Key decisions 
in n1odel developo1enc are to detennine the appropriate level detaj I required and the tnathen1atical 
fonns of the imponant re_lationships. As the nun1ber of 01odel parameters increases, there is generally 
a statistical tradeoff between bias and variance in model results that should be considered (Figure l). 
The ability of any model to reproduce observations will be improved by adding additional parameters, 
but each parameter has an associated erTor term that contributes to model variance. Models with too 
few parameters wiU be biased and they will fail to identify observed effects. Models with too many 
parameters are unlikely to be biased, but they may identify spurious effects and may suffer from excessive 
variance. Statistical procedures have been developed to estimate the number of parameters in the most 
parsimonious n1odel, where parsitnony is a cradeoff bet\veen bias and variance (Bumhan1 and Anderson, 
1998: Hilborn and Mangel, 1997). Parsimony can easily be cv:tluate<I in rclative.ly simple population 
models, but it is c.xtren1ely di fficult to apply similar criteria to complex simulation mode.ls. Development 
of models for simulating the dynamics of brucellosis in elk and bison are constraine.d by availability of 
suitable data for estin1ating model paran1eters and evaluating model results, particularly for elk. 

The. best model, in te.nns of de.tail, is de1e.m1ine.d by the inte.nded use. of the model, and the !eve.I of 
detail n1ay not be at the intersection of the Lines in Figure I. Sin1ulation n1odcls for research 1nay 
include proces..se.s or n1cchanis1ns that arc poorly understood in order to generate testable hypotheses; 
an i1nportant role of these models is to identify critical experin1cnts or 1nc.asure1nents thatc.an distinguish 
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Figure 1. There is a tradeoff between model bias and variance with increasing model detail 
(i.e., number of parameters). The "ideal" level of detail may not be where the lines cross, and 
the consequences of over-fitting a model are likely to be less serious than under-fitting (Burnham 
and Anderson, 1998). 
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be.tween competing hypotheses. For example, Dobson and Meagher (1996) compared mode.ls with 
contrasting assun1ptions on disease transmission. Based on observed patterns of scroprevalencc, Lhcy 
concluded that a threshold population size existed, below \Vhich the disease \VOul<l not persist Mode.ls 
that incorporate the 1nost in1portant proce.sses and n1cchanis1ns c.an son1e1:imes predict behaviors that 
have not previously been observed, including "threshold" conditions where the systen1 rc .. sponds in a 
highly non-linear fashion. In \vildlife biology, models used to guide n1a.nagement decisions generally 
require a high degree of confidence. Thc.se models n1ay consist of one or a few statistical relationships 
specific to a narro\v set of circun1stances, and their ability to forecast population dyna111ics at a specific 
location and tin1e is n1orc in1ponant than their ability to lend insight to systcn1 dynan1ics, generate 
understanding. or evaluate novel situations. 

Brucellosis Models for Elk and Bison 
The first published models for brucellosis in the Greater Yellowstone AJea (GYA) were used to evaluate 
vacc.i nation as a comrol of brucellosis in Grand Teron bison (Peterson et al., J 99 l a: J 99 lb). Peterson 
et al. ( 1991a: 1991b) estimated population chamcteristics from data collected on a private ranch and at 
the NationaJ Bison Range, f\·1ontana, and used these data to estin1ate para1neters in their model of the 
Grand Teton bison herd. The model was age-strucnlred, operated on a yearly time step, and it accurately 
simulated population dynamics of the Jackson bison herd up to 1989. It successfully reproduced the 
observed rate of seroprevaJence and the increase in seroprevalence over the period since the herd was 
infected. Peterson et al. ( 1991 b) evaluated vaccination of calves or all females, with vaccine efficacies 
of 24% to 90%. and \Vi th or without a simulti\neous test and slaughter prog.ran• that lasted for 3 ye~trs. 

Simulation results suggeste.d that no existing vaccine could re.duce se.roprevalence of bn1cellosis to 
n1eet lhe target rate. of< I 0% by 20 I 0. To achieve. the. targeted outcon1e, a vaccine. administere.d to 95% 
of calves \VOuld nce.d an efficacy of about 90%. Because. bison (in the 1nodel) v.•erc continually ex.posed 
to infection. Peterson et al. ( 1991 b) did not identify conditions that would eventually lead to eradication 
of brucellosis. 

The model by Peterson et al. (1991a; 1991b) was highly insightful at the time and it emphasized the 
long·tem1 comn1itn1cnt needed to control brucellosis by vaccination. In addition. it clearly identified 
some of the key processes that need to be measured to accurately cstin1at.e b<.>th vertical and horizontal 
transmission. Peterson et al. (I 99 la: 199 lb) provided an initial indication of the likely effectiveness of 
vaccination co c.ontrol bn1ce1Josis, but thei.r n1odel used a sin1plified representation for dynamics of 
b.n:tcelJosis transntission. T n the 01odel, transtnission resulted frotn a constant concact rate of cows with 
an infeccious source, and through the bin.h of infected calves fron1 infeccious c-0,vs. These cranso1jssion 
dynamics were appropriate because there \Vas a constant source of contani.i nati.on and reladvely constant 
contact 'virh the contan1ination. 1'1o,vever, when 1rans1nission of disease resuJts prhnarily fronl contacr 
with orher individuaJs, or the probability of contact with infecrious n1a1eriaJ varies over tin1e, these 
assumptions on transmission will generate misleading results. Infected elk on the National Elk Refuge 
provide a significant source of conrainination to the G·rand ·reton bison herd, but chis sin1ation appears 
to be unusual and results from Peterson et al. ( 1991a) have limited application to odier bison or elk 
populations. 

In n1ost popuJations the r<.ite of infection clepe.nds on the ratio of infectious to susceptible individuals 
(rcviewe<I by Anderson and May, 1991 ). Infection rates are typically highest when the. population is 
first infected. be.ca.use contacts by an infectious individual are almost ccnain 10 be with a susceptible 
animal. In frc.('.I)' mixing populations, vaccination reduces the rate of infe.ction by two processes. First, 
vaccinated individuals do not contract the disease. Sec.Qnd, by increasing the proportion of i1nmunc 
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indivi<lu~\ls, the probability of contact be.t\vtcn an infectious and susceptible individual is rcdu(;('d. 
This is the concept of "herd in1munity" (Fox ct al., 197 1 ), and is the reason that vaccination can confer 
be.nefits that extend beyond those individuals that receive vaccination. Increasing the proponion of 
recovered (and in11nunc) individuals in the population has the same consequence as vaccination -
recovered individuals act to reduce the rate of transn1ission bec.ause they cannot be infected, and they 
increase the probability that contacts by infectious individuals do not result in a new infection. 

In contrast to the age· structured model developed by Peterson e t al. (I 99 I a), Dobson and Meagher 
(I 9%) developed brucellosis models that pooled animals across a ll age classes into categories o f 
susceptible, infected, and recovered . This highly aggregated SIR (susceptible-infected-re<:overed) 
framework for modeling d isease has been widely applied to both human and wildlife populations for 
more than 200 years (McCallum and Scott, 1994). A major advantage of the highly aggregated approach 
employed by Dobson and Meagher (I 996) is that model dynamics can be evaluated analytically and, in 
theory, critical th.reshol.ds can be precisely identified. Crirical thresholds include the rate of vaccination 
necessary to eradicate the disease, or a thresho ld population size required for disease persistence. 

The SIR framework facilitates construction of relatively simple models with c learly defined assumptions 
on rares of birth, death, and 1rans1nission. A key task in developing disease 1nodels is to detennine the 
appropriate functional form of disease transmission (McCalh tm et al., 2001). Dobson and Meagher 
(1996) examined both density and frequency dependent transmission . With density-dependent 
lr'J.11sn1ission, the probability that an animal be.co1T1es infe.cted is dt.,tern1ined sole.ly by the density of 
inl( .cte.d animals: this results in the. proportion infected increasing with population size. Wilh frequency­
depe.ndent ttansn1ission. lhe. proportion of infected individuals in the population de.tennines the probabiJity 
that an anin1al be.comes infected: the. result is a constant proponion of Lhe population infecled regardless 
of population size. Although oulcon1es or assumptions on the mode of lransn1ission are easily stated. 
estimating transmission rates or the. funclional rorn1 of transn1ission in disease. models is aln1ost always 
a challenging task. 
Dobson and Me.agher ( I 996) evaluated control of brucellosis in Yellowsume·s bison by vaccination or 
by reducing the size Qf the population. Their analysis suggested that Yello,vstone's Northern Range 
bison herd \VOuld have to be n1aintained at fe\ver than 200 a.nin1als to eradicate bn1cellosis. They felt 
this \Vas neither ethical ly nor practically possible. Dobson and rvteagher also concl.uded that vaccinacion 
cou ld, in theory, be used to eradicate brucellosis from the Northern Range bison he rd if slightly more 
than 50% of bison wereeffecrively inoculated. The major differences in predictions between Dobson 
and Meagher ( l 996) and Peterson et al. (199 la) can be attributed to assumptions o n transmission rates, 
and these differences emphasize rhe i_n1portance of representing transn1jssion dyna1nics in an appropriare 
manner (McCarty, l 999: McCallum et al.. 200 I}. 

The Yellowstone National Patt. Environmental Statement (NPS, 2000) presented results from two models 
simulating bn1cellosis in bison. The first model was developed early in the process of preparing the 
EIS, and was a relatively simple model based primarily on population dynamics. In th is model, only 
susceptible calves could become infected and the seroprevalence of calves was ser annually to that o f 
adult cows. \Vhile this model he.lpcd evaluate lhe relative consequences of dilTercnl m~\nage.n1enl 

options, the lack of reaUstic dynamics in transn1ission ofbn1cellosis limited its applicability. Recognizing 
this. the NPS commissioned the development of a more refined mode.I. 

The second. more refine"1. mode.I in the EIS was referred to as the "enhanced stochastic moder and it 
followed the general S IR approach used by Dobson and Me.agher (1996). However, the stochastic 
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n1ode.l incorporated three age c lasses (calves, sub-adul ts. and adults) and considered a n1uch \vider 
range o f n1anageme.nt alternatives {NPS, 2000; Robyn Angliss. pe.rsonal communication) . A brief 
description of the refined model was published in the YNP Bison EIS (NPS. 2000), as were predictions 
of the relative consequences of proposed bison managen1ent plans. The n1odel explicidy represented 
females, and overall consequences for both sexes were calculated by doubling the nwnber of females 
affected (e.g., slaughtered, vaccinated, infected, etc.). Managemcm options examined in the EIS included 
vaccination, test and slaughter, and various con1binations of these actions. Test and slaughter \Vas 

restricted to bison that \Vere predicted co leave YNPfor n1<>st 1nodeled scenarios, and 1nigration of bison 
out of YNP wa.s a function of sno\v. Snow was represented by sno'v water equivalent (inches). and 
yearly snow \Vater equjva.lenc in the 1nodel \Vas decern1ined by dra,ving a randon1 variabl.e from a nonnal 
distributjon (Robyn Ang:.liss, persona.I con1.1.nunicadon). 

Results presented in rhe YeJJowstone bison EIS used a standard set of condirions ro pennit comparison 
of alten1ative 01anagement plans. These c.onditions included a constant infection rate of J case each 15 
years, a calfhood vacci_nation rate of 75%, and a vaccine efficacy of70(fb. Vaccination thus resulted in 
an effective protection rate of about 50%; all plans included vaccination of calves and one plan included 
vaccination of all feLnales. Den1og.raphjc paranleters in the n1odel were estin1ated fron1 obsenrations of 
YellO\VStoneis bison herd, and the n1odel was initialized \vith a population strucn1re representative of 
YN.P. It modeled the northem range and Madison herds as separate populations. lnterestiJlgly, most 
proposed actions diat were simulated led to rates of declille in seroprevalence from about 40% ro 10-
15% in 18 years. There \Vere, hO\vever, large differences in the nun1berofbison slaughtered or quarantined 
be.t\vecn diJfe.rent n1anageme.nt plans. 

A comparison of results from the NPS refined (stochastic) model an<l the deterministic model shows 
Lhe need to rcpre.se.nt host-dise.ase interactions as a dynamic (rather than static) sys1e.1T1. In contrast to 
the de.tenninistic n1odel. the stochastic model incorporated equations Lhat accounted for effects of ch~\nges 
in the ratio of susceptible to infectious individuals (i.e., herd in11nunity). As a result, the stochastic 
mc)del predicted that vaccination would be about 50% more effective over a I 0 -ycar period than <lid the 
deterministic model (NPS, 2000:393). 

The n1odels described above focused on vaccination, test and slaughter, or population reductions, but 
chey c.ontained insufficient detaiJ for evaluating the full range of proposed and existing n1anageo1enc 
alternatives. whjch include reducing the time on \Vinter feedgrounds or using selective contraceptives. 
We felt there \Vas a need to build a 01odel that inc.orporated our increasing understandi n_.g of the dynmnics 
of 8rucelln aborrus infections, and that could be used to evaluate alternarive hypotheses abour 
controversial n1odel functions and paraineters. 

We therefore constructed an individual-based model wid1 a highly detailed representation of bnicellosis 
dynamics (Gross et al., 1998: Figure 2). Individual-based models are increasingly used to simulate 
disease because traditional approaches break down when individuals with stochastic behavior are 
considered (Durren and Levin, 1994: Dobson and Grenfell, 1995: Keeling and Grenfell, 2000). In 
addition, complex behaviors arc n1ore easily re.presented by individual-base.cl n1odels. and the.y can 
easily be adapted to re.present genetic p'°"".sscs (Gross, 2000) such as resistance to d isease. Our model 
(Gross et al .• 1998) followe.d the sex, age., and disease status of each individual in the population, and it 
operated on a variable tinte ste.p. ~'lost population processes occurred once per year, but disease dynan1ics 
and reproduction were simulated with a \\1e.e.kly time step. By using an individual-based approach. 
n1odel parameters have a clear biological interpretation, the n1odel is able to use much of the existing 
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Figure 2. Simplified diagram ot the brucellosis submode/ tor pregnant cows in a detailed 
model of brucellosis (Gross et al., 1998). The submode! accounted different incubation periods 
for animals infected during pregnancy (left side) or infected prior to conception (right column). 
The submode/ operated on a weekly time step; solid lines represent cows, dotted lines calves. 
g = week of gestation, min,, = minimum time to abortion, min110 = minimum period of incubation 
to infect a fetus. 

data on brucellosis in elk and bison. and ic c.an sin1ulace a broader range of cun.·ent and proposed 
01anagelnent efforts. T'he shon rio1escep during the period of acdve disease traosn1ission (late gestation 
and birth) provided a bener representation of processes that occur on 'vinter feedgrounds and it a.11.ows 
exa.Ln ination of hypotheses about the timing of infections. J\1odeJs with a si.inilar structure have been 
used to simulate other wildlife diseases (Gross et al., 2000: Gross and Miller, 2001). 

This brucellosis model (Gross et al., 1998) synthesized information from research on brucellosis in 
cattle, elk, and b ison. The disease submode! included parameters that explicitly accounted for 
proliferation of Brucel/(I during gestacion, and it \Vas thus able co address che tenlporal dynanlics of 
incubation and infection \vilhin a single season. The mode.I accounte.d for changes in dise.ase dynamics 
on and off feed grounds by using two transmission rates - a high rate for periods \vhen animals auendcd 
a feedg.round, and a lov.• rate the rest of the tin1e. A short (weekly) timc ste.p v.•as necessary to represent 
this kvel of deta il. Dise"\se transmission was fr«1uency--Oe.pendent (McCarty :md Milkr, 1998) and 
parameters were adjusted to refkct the. social structures typical of e lk and bison. Unlike other models. 
the individual-bast.d model included parJ.meters that permiued age and sex-specific harve.st sce.narios. 
Harvest is in1portant because the age and sex strucrure of the population affects transn1ission rates, 
population growth rate, and the number (and therefore cost) o f animals handled or treated . Like other 
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disease models, Grosse.Lal. ( 1998) cslinuue.d n1ost paran.eters from previous studies. while tr:.\nsmission 
rates \Vere calibrate.d to obse.rvc.d rate;S o f se.roprevalencc. 

The dyna1nic representation of disease tra.ns1nissions and a de tailed n1odel s tructure pern1ittcd Gross et 
al. ( 1998) to project age· specific rates o f seroprevalence and to project the timing, on a weekly basis, o f 
ne'v infections. Significant refine1nents to the 1998 model included changes to account for age-specific 
changes in the probability o f infection (Grenfell and Anderso n, 1985), capabilities for s imulating spatial 
structure, and increasing the range and complexity o f n1anagement o ptions that can be s in1ulated. By 
including a decline in the probability of infection with age, results from the model c losely matched 
observed patterns of age-specific seroprevalence in bison (figure 3). The close fit of the model to 
observations provided confidence chat the n1odel i1\Clude<I the most important processes that detennined 
brucellosis dynao1ics, but it d id not prove che model \Vas correcc. Son1e processes, such as disease 
rransmission on elk feedgrounds, are still poorly defined a nd forecasts from the model should be treated 
with caution. Th is model will be refined as new data become available . 

1.00 

., 
0.80 " c ., 

iV • > • • • 
~ 0.60 • c. 
0 - • ., ., • .,, ., 0.4-0 • 
l: ., 

y :-0.063. 1.07 x "' • .c o.:ro r' = 0.83 0 

o.oo ._..__ _ __._ ___ _.__ __ ___. ___ _._ __ __, 
o.oo 0.20 0.40 0.60 0.80 1.00 

Predicted seroprevalence 

Figure 3. Relationship between age-specific seroprevafence of bison from Yellowstone Na­
tional Park and seroprevalence predieled by a detailed model of brucellosis dynamics (Gross 
et al. 1998). Observations trom bison that left Yellowstone National Park during winter (Pac 
and Frey, 1991; James, personal communication). Observations of bison with an estimated 
age ot 8 or older were pooled. 

What Do the Models Tell Us about Control of Brucellosis? 
Although sonic aspects o r bruce.llosis ecology remain conlroversial, we can identify ge.neral resuhs 
from simulations Lhat are robusl to changes in model assu1t1ptions and lO variation in n1odel parantcte.rs. 
To evaluate conlfol or brucellosis in YeJlo,vstone•s bison, \Ve used parame.le r values represe.ntative of 
YNPbison with a re.fined model basc.d on Gross et al. ( 1998). These s imulations showed: 
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• Vaccination anC.Vor te.Sl and slaughter limited to bison outside. YNP boundaries are 
ineffective or detrimental (see be)O\v). 

• Population control reduces e.x.posure risk, but does linle for disease reduction or 
eradication. 

• Vaccination alone could reduce exposure risk and avoid killing bison, but eradication 
of brucdlosis is s low and difficult. To eradicate brucellosis, 40·50% of bison will need 
to be effectively vaccinated for a period of several decades; lesser levels of vaccination 
can reduce ri.sk (Gross et al., J 998: Dobson and Meagher, 1996). 

• Test and slaughcer are effective only if a large proportion of the popularion can be 
consistently captured and tested. lf too few animals are tested, the resu lt can be a 
sustai1led reduction i.n population size. 

• Co1nbini.ng test and slaughter \Vith vac<:inacion is synergistic. 

~·-lode I resulcs provided several c-0unterintuitive iJlsights that a.re broadly applicable to manageLnent of 
bmcellosis. First, test and slaughter of a relati vely small proponion of the population (say, J0- 25%) is 
ineffective. ·111is s trategy will not, by itself, lead to eradication of brucellosis, but it will result in the 
slaughter of a large number of animals and lead to major reductions population size (Figure 4). An 
unforseen outcon1e is thac, over ciJne. mosc seropositi ve aninlals in the population \viii be individuals 
infected within the previous year or two, and they therefore belong to the class of highly infectious 
animals n1ost likely to shed 8. abortus at binh or abonion. \Vhilc the proportion of scropositive animals 
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Figure 4, Effect of simulated test and slaughter on a bison herd similar to the Yellowstone 
bison. Numbers near lines are the proportion of the population subjected to test and slaugh· 
fer each year. Test rates of 10·25% result in long· term depression of population size com· 
pared to a population not subjected to /est and slaughter. Model parameters were adjusted 
so the population stabilized at about 4500 animals . 
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in Lhe population 'viii decline, the proportion of highly infectious animals in lhc population can actually 
rise. Furthern1ore. an infoctious contact is more likely to be \Vith a susceptible anin1al because test and 
slaughter programs remove all scropositive animals-infe.ctious and re.covered i\nin1als. Transn1ission 
efficiency is therefore high re lative to a population not subject to test and slaughter and the rate o f 
incrc..ase in the nu1nber of infected ani1nals is very high. 

A second unforscen result \Vas the synergistic effect of a strategy than combines test and s laughter and 
vaccination. When combined, a n1uch s1naller proportion of the popu lation n1ust be "treated" than 
when either trcatn1cnt is used alone. Si1nulations suggest that, in theory, eradication is possible by 
rrearing (testing and then eirher slaughteri.ng o r vaccinating, depending on serology results) as few as 
15% of the population (Figure 5). To achieve a similar result using either treat.ment alone, the proportion 
of animals handled would need to be more than doubled. This result affirms the utility of simulation 
n1odels - ic would be vinualJy impossible ro identify such a synergistic resu lt wichout a quantitative 
model. 
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Figure 5. Projected effect of different vaccination and test and slaughter options on exposures 
to infectious bison leaving Yellowstone National Park. At intermediate levels of treatment, a 
combination of the two treatments is much more effective than either one by itself. 

Uncertain Parameters and Processes 
An area of uncercainry in our underscanding of brucellosis epizootiology is the duracion over which 
infected animals acti vely shed Bruce/la abortus. Some believe that most elk and bison become non­
infe.ctive \vilhin seve.r-.il years after their first abortion, while others believe that mos-t infectious animals 
ren1ain actively infectious for li fe. Virtually aJI data pe.rtaining lO this issue are from cattle, and even for 
cattle re.latively fe.w data are suitable for qui\ntilative analysis {Fitch cl al., 1930; tvlanthei and Carter, 
1950: Lambert et al., 1960: Philippon e.t al., 1970; Plommet et al., 1973) . Evaluation of these data is 
co1nplicate.d because e.xpcrimt'Jllal protocols difl(.red bct\ve.e.n studies, sample sizes we.re small. few 
studies follo\\1ed ani1nals for sufficiently long periods, and, perhaps niost i1nportantly, it is unc.lear 
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whether responses of elk and bison arc simi larto those or caule. Despite the me.thodological <lifficulcies. 
studies consistently shO\V that in caule rates of abortion and shedding rapidly decline in the years 
follo\ving an abortion. and fe.w animals shed Bruce/la by the thinl year afler their first abortion (Schroede.r. 
1922; Fitch ct al., 1930; Manthei and Caner, 1950; Washko ct al, 1952; Nelson et al., 1966; Plcu<lerlcith, 
1970; Plommet et al., 197 1, 1973). These results are consistent with the pattern of age-specific results 
of culture tests for the presence of Brucella abortus in biSQn. In YNP bison, the proponion of seropositive 
bison that arc culture-positive declines sharply in animals less than 5-6 years old (Pac and Frey, 1991; 
Owen Jan1c..s, personal comn1unication; Rhyan and Philo, personal con1rnunication). 

To estio1ate the nun1ber of i11fec.tious bison. we assutned chat cul.cure-negative anUnals do not shed 
Brucellct abor1us. \Ve used age-specific rates of seroprevalence and culture resulcs to OlathematicaJJy 
esthnace the annual rate of change in the proportion of seroposicive bison chat were culture positive. 
Our estimate accounted for J.nortaJicy, but it did not include ne\V infections and it thus underesthnates 
che transition rate of animals fro1n the infectious to recovered pool. Using data for 3-8-year-old bison 
(those ages with a sample size of > 15 animals), d1is procedure led to an estimate that about 60% of 
bison that are bodl seropositive and culna.re positive \vouJd be culn1re-negative the follo,ving year. Our 
analysis does not indicate that animals .. recover ' for life: ic simply accounts for observed paccerns of 
sero- and culture-positive results. ln the n1odel. \ve assu1ne that once ani1nals are culture-negative. they 
re1nain in the resistant and non-infectious pool. Simulation results are relatively insensitive to this 
assun1ption except when there are fe,v seropositive anin1aJs in the population. By the tin-.e this sin1ation 
exists in \Vild populations, we should have bcuer data for evaluating this assumption. 

The.re is 'videspre.ad agre.e.n1ent that Brucella abortus is shed almost exclusive.ly during the process of 
reproduction - either with an aborted fetus, at the binh of a<.:alf, or via vaginal exudates (Che.ville et al .. 
1998). The role of lactation in brucellosis transmission is unkno,vn. Similarly. n1ost agree that the 
likelihood or abortion is much gre.ater during the first pregnancy after infection, and the likelihood of 
abortion rapidly dec.linc.s in subsequent years. However, we kno\V little about the tinle of abortion, or 
about rates of vertical transmis.sion in wildlife. The study of the Grand Teton bison herd (Cain et al., 
200 I} should generate important infom1ation on these aspects of disc.asc dynamics. 

An important outcon1e of constructing and using sinlulation models is t<> identify functions and parameters 
that have a large influence on model results and those that have lictJe effect (i.e., paraoleters co wh.ich 
the Olodel is ,;sensitive" or ·'insensitive"'). Shnulations showed that brucellosis dynaoljcs are relarively 
insensitive to paraJneters that dete.roline population size or gro,vth rates. The gro,vth rare or size of a 
population has liule effect on disease dynamics, but chese variables will influence che potential cost of 
creaunenc. In rapidly growing populations, the number of animals chac will need to be created (vaccinated, 
cesced, slaughcered, or otherwise treated) will be greacer than in populations wich low growth rates. 
Population processes can thus affecc decisions on che most cosc-effective approach for controlling a 
disease. 

Evaluating Management Actions 
For elk. most managen1enl of bruce.llosis will focus on n1anagement of feed grounds because. the disease 
appears to persist only in herds that are seasonally concentrated at high densities. To simulate fed 
populations, \Vt therefore need to understand how \vinte.r feeding influences disease dynamics. 
Characteristics or anificially fed populations that may influence bn1cellosis dynamics are the.: 

• proportion of the. herd that attends a \Vinter feed ground 
• total nu1nbcr of aninlals in the fed group 
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• duration uf tin1e spcnl on a feed ground 
• ave.rage date that the population leaves the. feed ground 

lnicial simulations of elk o n winter feedgrounds (Gross et al., 1998) suggested that it might be possible 
to reduce brucellosis infection by encouraging e lk to leave fcedgrounds earlier. Ho\vevcr, confidence 
in these early predictions is lin1ited because of the lack of data for es tin1ating age-specific infection 
rates in e lk, and estin1ates of infection rates o n \\'inter fccdgrounds are highly variable. \\1e are attcn1pting 

to refine our understanding o f brucellosis dynamics in herds of winter-fed e lk by evaluating data fron1 

fcedgrounds, herd population cstin1atcs, and harvest records. Validation of serology tcsls that consistcntJy 
disti.nguish vac~inaced elk fron1 other seropositive aniinals wiJJ greatly contribute to the value of data 
froLn vac<:inated herds. 

Addressing Uncertainty through Adaptive Management 
Although consequences of nun1erous managen1ent a.lten1acives have been sin1ul.ated, these analyses faU 
short of offeri ng a coherent adaptive 111anagen1ent prog:ra1n for brucellosis in che GYA. Adaptive 
management has become an abused tenn that means many things to many people. Mere, we follow the 
formal definition is most typically used in the teehnical Iiterarure (Walters, 1986). In this context, 
adaptive Lnanagen1ent is the recognition of uncercainty and rhe application of techniques for 
acconln1odating chat uncerrainry inro robusr nlanage1ne1H strategies. 'l'hese 1nanagement strareg.ies include 
n1onitoring changes in the n1anaged sysce1n, flexjble 1nanagenlenr chat responds to observed changes, 
and intelligently inCOrpOrating the knowledge Of sySteJTI behavior gained through these ObServatiOnS 
into future decis ions. Using n1anage1r1ent actions to explicitly seek additional knowledge about the 
n1anaged syste.rr1, rather than incorporati ng knowle.dge gain as an unintended byproduct, is kno,vn as 
acti ve adaptive management (Walte rs and Holling, 1990). Adaptive 1nanagen1ent addresses w1certainty 
aris ing fron1 d iverse sources. These uncertainties can be classified as: 

• environn1ental s tochasticity - fluctuations in naturaJ processes over tin1c~ 
• control error - the inability for 1nanagcn1ent goaJs to be i1nplen1e.nted precisely: 
• observation e rror - the i1nprecision of 1neasuring the critical variables that infonn the 

n1anagc1nent decision: 
• paran1eter uncenainty - the i1npe rfect estimates of paran1eters c ritical to predicting the 

consequences of n1anagement actions; and, 
• n1odel stn1crural uncertainty- the in1perfecc understanding: of the factors and f\lnctional 

relationships that are required to predict the effects of alternative n1anag:eo1enc actions. 

The process of adaptive n1anagement is soo1etin1es construed to include the process of seeking 
con1prornise runong djverse stakeholder groups with disparate goaJs, or changing Lnanage1nent in response 
to changing goals. We do not share th is interpretation of the tenn adaptive management. The more 
narro\vly focused approach co adaptive n1anageLnenr begins with a \VelJ -defined goaJ that incorporares 
die rradeoffs needed co satisfy different social, econon1ic, environn1encal, and politjcaJ objectives. Once 
the goals can be explicitly stated (typically as a quantitative metric of some sore, supplemented by 
quancitacive constraints on cerrain variables) then the process of identifying adaptive 1nanagemenc 
strategics that achie ve these. goals despite the. n1any Lu1cenainties can begin. 

It can be imponant to develop quantitative 1nodels early in the process of seeking solutions to a complex 
problen1. Even when a quantitative. goal for a wildli fe manage.n1cn1 program is explicitly stated, the 
n1anage1nent actions proposed to attain that goal are. frequently develope.d by n1anagerr1e.nt age.ncies in 
close consultation \Vith their s takeholder.;. Providing evaJuations of proposed n1anagc1nent ac tions at 
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many points in this process will he.Ip ensure that a conscnsus-base<l n1anage.1nent progr".tm has some. 
Chance Of also ITICCti ng the short- and long-term quantitative. gOaJS Of the prOgr3.JTI. 

~·1odcls, such as those \\IC described here, are o ften considered central to the adaptive n1anagen1ent 
approach. tvlodels can be used to facilitate adaptive 1nanagen1ent by integra ting e xisting infonnation on 
the n1anaged systcn1 and by evaluating the consequences of each of the various types of unccnainty 
listed above. Alternative 1nanagcn1cnt policies can be s in1ulatcd, not only to obtain prediction of effects , 
but also to examine the robustness o f these predictions to each type of uncertainty. ~·fore s ignificantly, 
ho\vevcr, n1athematical techniques exist to derive n1anagement strategics that optjn1ize the n1anagcr's 
objective given the uncertaincy and changing conditions (l_,ubow, 1997). Consequently, v.•e can identify 
ne\V co1nbinations of lnanagen1ent actions, or va.rying levels of these acti.ons over tin1e, that improve 
the result relative to informally generated n1anagemenc a.ltenlatives. TI1ese 1nanagen1enc sc.raregies are 
dynan1ic and can respond to observed conditions, whi.ch are certain co changeover tin1e. 

Models of host-brucellosis dynamics in 1he OYA are now reaching a level of sophis1ica1ion rhai penni1s 
us to apply adaptive 1nanageLnent analysis rechnjques. 'fhis should lead to recomn1endations for refining 
exis1ing managemenr programs and ini1iaring others. In 1he case of brucellosis, rhe op1imal smuegy w 
reduce seroprevalence will probably differ from 1he srrmegy to eradicate 1he disease once its prevalence 
has been grea1ly reduced. Adaptive managemem solmions seek to make rhe best possible use of exisru1g 
knowledge, accommoda1e 1he feedback offered by ongoing monitoring of responses to managemem 
actions, and e ven re.con1n1end actions that inte ntionally probe the syste m to produce inforrnative 
responses. Adapti ve manage.1r1cnt provides a fon11~\l s trate.gy founded on the principleof"lc~\ming by 
doing " and it provides ror the optimal tradeo fTbetween ac tions that in1prove future decisions versus the. 
need for shon-tcm 1 re.suits . 

Conclusions 
A wide variety of models now ex ist for si1nulating brucellos is dynan1ics in the Grc.ater Yellowstone 
Area. Model structure ranges from highly aggregated SIR-type models to a highly detailed individual­
bascd n1odel. These models can be used to evaluate a range of 1nanagen1ent options including vaccination, 
test and s laughter, fcedground managc1ncnt, or co1nbinations of these actions. rvtodcl predictions for 
che effects of test and slaughter and vaccination of bison are generally consistent, hut only che J.nore 
detailed. individuaJ-based 1nodel is suitably designed for evaJuacing specific n1anagement plans for elk, 
pa1ticularly chose that involve a con1bination of actions that can include the simultaneous use of selectjve 
harvest, vaccination, and rest and slaughter. Models for elk are more liini1ed by the availability of data 
than are d>ose for bison, and we are less confident of our abiJity to forecas1 brucellosis dynamics in elk 
herds that attend \\'inter feedgrounds. In particular. age-specific data fron1 elk on seroprevalence and 
tissue culmre for Bmcella would vastly improve our ability 10 evalua1e borh dynamics and comrol of 
brucellosis in that species. Our abiLiry ro manage brucellosis is compromised by uncenainry in our 
understanding of host-disease dynau1ics, variable environnlental conditions, and our inability co accurately 
n1onitor and hnplen1ent n1anage1nent actions. Active adaptive 1nanage1nent provide~ a coherent scraregy 
for addressing uncenainry by idemifying the optimal rradeoff be1ween actions 1har increase knowledge 
to improve. long-lem1 manage.rnenl and the. need to achieve. short-tern• goals. Adaptive manage.n.enl 
te.chniques are usually based on quantitative models. and model deve.lopn1enl and rcfinc.rnenl is nO\v al 
a s tage. that pcnnits us lO apply adaptive. n1anagement techniques. 
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