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Abstract 14 

Disease control by managers is a crucial response to emerging wildlife epidemics,  yet the 15 

means of control may be limited by the method of disease transmission.  In particular, it 16 

is widely held that population reduction, while effective for controlling diseases that are 17 

subject to density-dependent transmission, is ineffective for controlling diseases that are 18 

subject to frequency-dependent transmission. We investigate control for horizontally 19 

transmitted diseases with frequency-dependent transmission where the control is via 20 

nonselective (for infected animals) culling or harvesting and the population can 21 

compensate through density-dependent recruitment or survival.  Using a mathematical 22 

model, we show that culling or harvesting can eradicate the disease, even when 23 
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transmission dynamics are frequency-dependent.  Eradication can be achieved under 24 

frequency-dependent transmission when density-dependent population regulation induces 25 

compensatory growth of new, healthy individuals, which has the net effect of reducing 26 

disease prevalence by dilution. We also show that if harvest is used simultaneously with 27 

vaccination and  there is high enough transmission coefficient, application of both 28 

controls may be less efficient than when vaccination alone is used. We illustrate the 29 

effects of these control approaches on disease prevalence using assumed parameters for 30 

chronic wasting disease in deer where the disease is transmitted directly among deer and 31 

through the environment.  32 

Key words: disease modeling, disease management, chronic wasting disease, frequency-33 

dependent transmission 34 
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Control of any disease is related to thresholds, either in parameters or in population size. 38 

For example, a disease may be unable to spread if the population is below some critical 39 

size or the proportion of immune individuals is greater than a certain level. Such 40 

thresholds can be characterized by the basic reproduction number R0 [1-3]: if R0>1 the 41 

disease can spread. For wildlife diseases a manager’s set of possible control actions is 42 

limited: reduction in population density, removal of infected individuals, or a vaccination 43 

of susceptibles.  In the case of population reduction, a threshold must exist with respect to 44 

the population size at which the disease will die out. Population thresholds depend upon 45 

the disease transmission mechanism [4]. Typical mechanisms involve either density-46 

dependent (DD) or frequency-dependent (FD) transmission [5,6].  In the former, the 47 

number of per capita contacts grows with population size due to increased contact rates 48 

with infected individuals. In FD case the number of per capita contacts is constrained to 49 

be independent of population size, such as when contacts occur in social groups, and 50 

group size is independent from the overall population size [5].  In the case of DD, 51 

population reduction can eliminate disease spread by reducing the population below a 52 

critical population threshold.  In contrast,  a population threshold is not exhibited in the 53 

case of FD, so population reduction, by itself, is not considered to be appropriate for 54 

disease management, see e.g. [7].  Disease transmission mechanisms other than DD or 55 

FD are possible [5-9], but FD and DD mechanisms are the most commonly assumed in 56 

disease modeling. 57 

 58 

In this paper we present an SI model for the infection dynamics of a disease that has FD 59 

transmission mechanisms that occur through direct and environmental contact and is 60 
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coupled to density-dependent population birth and survival rates and no recovery from 61 

the disease. We describe the model in terms of population size n and disease prevalence i.  62 

We show that for the model there exists a population threshold in spite of FD disease 63 

transmission. It arises due to density-dependent birth that allows populations to (1) 64 

withstand culling/harvesting at levels sufficient to remove diseased individuals before 65 

they, on average, infect new susceptibles, and (2) effectively dilute disease prevalence 66 

with new, uninfected individuals. On the other hand, in populations exhibiting density-67 

dependent mortality non-selective harvest may not increase removal of diseased 68 

individuals, just fewer of them die from natural causes.  For this reason, density-69 

dependent birth or recruitment appears to be critical for harvest control of a disease that 70 

has FD transmission. 71 

 72 

We illustrate these effects by modeling chronic wasting disease (CWD) in deer [10]. 73 

CWD is a prion disease, and, to date, it is not known how to control the disease.  Our 74 

previous modeling work [11] showed evidence that CWD transmission may result 75 

primarily from  FD mechanisms related to deer social organization for both direct and 76 

environmental transmission [12]. In case when the disease prevalence grows significantly 77 

slower than the rate at which prions decay or become inaccessible to deer [13], both 78 

mechanisms can be described within the framework of SI-type model without explicit 79 

environmental compartment: due to the difference in the rates the environmental prion 80 

content is approximately proportional to the current number of infected individuals (see 81 

Supplementary Materials for the details of this approach). Deer also show  density-82 

dependent recruitment of new adults to the population [14].  Assuming FD transmission, 83 
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we investigate disease dynamics, and whether culling/harvesting results in disease 84 

extinction via a parameter-based threshold. Finally, we consider the possibility of 85 

vaccination as an alternative strategy that can be coupled to control via culling/harvesting 86 

to control disease and estimate levels needed to control the disease. 87 

 88 

We use a simple population model, deriving conditions for disease eradication, in a 89 

manner that makes analysis transparent and shows the role of culling/harvesting and 90 

density-dependent deer recruitment and survival in disease management.  We consider 91 

three adult disease classes: susceptible S, infected I, and immune after vaccination V with 92 

the total population size being n=S+I+V.  The per capita recruitment of young into the 93 

populations, b(n), is assumed to be a nonincreasing function of n, and the per capita 94 

natural mortality, m(n), is assumed to be nondecreasing function of n. In other words, 95 

both may be density-dependent, with no Allee effects present.  The increase of mortality 96 

rate due to infection is denoted by µ, and hence the mortality rate for diseased individuals 97 

is m(n)+µ.  Here (m(n)+µ)
–1

 is the average duration of infection prior to death.  The 98 

disease transmission function is of a general form , where  for 99 

DD transmission and  for FD transmission, (note that the units for  and  100 

differ).  Susceptible individuals become immune at per capita rate !, which accounts both 101 

for vaccination intensity and vaccine efficiency. Finally, susceptibles, immune and 102 

infected individuals are culled or harvested at the same rate h, i.e., animals are non-103 

selectively removed from the population. 104 

 105 

The model takes the form:  106 
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    (1) 107 

 ,      (2) 108 

 ,       (3) 109 

For the subsequent analysis it is convenient to rewrite the system in terms of population 110 

size n, disease prevalence i=I/n and immune fraction v=V/n. (see e.g. [15,16]).  Then 111 

S=(1–i–v)n, I=in and V=vn, and, after some transformations,  112 

        (4) 113 

    (5) 114 

        (6) 115 

 116 

(Supplementary Material). This new form yields interesting insights:  (a) culling or 117 

harvesting does not directly influence disease prevalence i — culling/harvesting intensity 118 

h does not enter into (5) because nonselective harvest takes equal proportion out of all 119 

classes (see similar conclusion in [16]); and (b) culling/harvesting drives down the 120 

population size n and affects the disease prevalence indirectly by modifying the density-121 

dependent contact rate  and birth rate . In turn, the density-dependent contact 122 

rate and birth rate can play a major role in determining the disease prevalence i in  (5). 123 

 124 
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Basic reproduction number R0 for this system can be obtained by standard methods at 125 

disease free equilibrium  (see Supplementary Material), and condition 126 

for the disease persistence is  127 

        (7) 128 

We interpret it as the rate of production of new infectives  times the average 129 

life span of infective individuals . Vaccination increases v0 and 130 

hence decreases the rate of new infections; selective harvest increases µ and decreases 131 

.  Both methods, when available, work regardless of the details of the disease and 132 

population dynamics.  However, when there is no vaccine and infected individuals are 133 

hard to find or to distinguish from healthy ones, the only practical measure is 134 

nonselective population harvest h.   Nonselective harvesting can influence  and , 135 

and its effect depends on the details of disease transmission and population self-136 

regulation. 137 

 138 

First, we assume that  is fixed, then changes in R0 may be only due to  and .  139 

Harvest decreases , and in case of DD transmission  it reduces the rate of 140 

new infections as well. In case of FD transmission  harvest does not change the 141 

rate of new infections, which for some models implies no disease control [4].  142 

 143 

Dependence of  on h is determined by population self-regulation mechanism.  There 144 

are two extreme cases (e.g. [17]): 145 
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a) density-dependent birth (DB) and density independent mortality: m is 146 

independent from n, and b(n) is a decreasing function of n; 147 

b) density-independent birth and density dependent mortality (DM): b is 148 

independent from n and m(n) is an increasing function of n. 149 

At disease-free equilibrium ( ) the following equality always holds, 150 

,        (8) 151 

see (4).  Therefore in case (a)  we have , that is an increase in h is 152 

compensated by an increase in births of new healthy individuals. Total mortality  153 

increases, which causes decrease of  and decrease of R0. Therefore, there exists 154 

population threshold below which the disease cannot persist provided the population 155 

survives harvest of the required intensity.  156 

 157 

In case (b) we have , that is an increase in harvest reduces equilibrium 158 

population size n0 and natural mortality m(n0), but does not change total mortality, which 159 

means more individuals die of harvest, but fewer die of natural causes.  The average life 160 

span of infective individuals  also remains unchanged.  161 

 162 

Therefore we have four combinations of disease transmission and population self-163 

regulation: DD+DB, DD+DM, FD+DB, FD+DM.  Only in the latter case there is no 164 

population threshold due to nonselective harvest because both the rate of new infection 165 

and average life span of infective individuals are independent from population size n0. 166 

 167 

Taking in account (8), we can rewrite (7) as  168 
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 ,        (9) 169 

which makes the above statements more obvious. Note that the same condition for 170 

disease persistence  can be obtained from (5) as a requirement of 171 

positive prevalence growth rate F(n,v,i) at i=0, but (5) does not require the system to be at 172 

equilibrium, and hence (9) is valid even when the population is in a transient regime after 173 

some perturbations.  In particular, it shows that local culling events that lower population 174 

size enough to decrease  or increase  can temporarily slow down the disease 175 

progression. 176 

 177 

From now on we consider only the case of density-dependent birth (DB) for population 178 

regulation with m being constant.  One of the forms of DB dependence has been used in 179 

[17],  180 

 ,      (10) 181 

where " takes values between 1 and 7, depending on species, Fig. 1 (note that nc is 182 

greater than carrying capacity). In case  it is possible to obtain analytical estimates 183 

for population thresholds n0T corresponding to R0=1 (9) or 184 

 in DD and FD cases: 185 

DD transmission:  and  . 186 

FD transmission:  and  . 187 

In both cases the threshold is a decreasing function of transmission coefficient.  However, 188 

in DD case the threshold always exists, while in FD case it exists only in case of 189 

moderate transmission coefficient or large enough b0, i.e., maximum population growth 190 
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potential.  Below we analyze conditions for b0 in more detail.  We also point out that in 191 

the case of DD, dependence of b on n decreases the threshold, which agrees with [18]. 192 

 193 

The above analysis has been done under the assumption that  is fixed.  A more realistic 194 

assumption is that the vaccination rate ! is fixed and simultaneous use of both vaccination 195 

and harvest causes their interaction.  On the one hand, nonselective harvest may hinder 196 

the disease spread, but on the other hand it removes a part of vaccinated individuals and 197 

hence may facilitate the disease.  At  the disease-free equilibrium proportion of immune 198 

individuals is . We characterize competition of harvest and vaccination 199 

by the value of vaccination rate !er(h) needed to make R0=1 and eradicate the disease at 200 

the given intensity of harvest h.  In the case of FD transmission, there is a critical value of 201 

the transmission coefficient , such that for   !er(h) is strictly 202 

decreasing, and an increase in harvest means that vaccination efforts can be reduced (Fig. 203 

2).  However, for   !er(h) is increasing for small h, reaches its peak value at 204 

, and only then it starts to decrease. We conclude that there are 205 

parameter regions where combinations of two control measures may be less effective 206 

than vaccination alone.  In the case of DD transmission the qualitative behaviour of !er(h) 207 

is similar to FD transmission, although expressions become more complicated. 208 

 209 

If harvest is the only available measure, assuming no vaccination (!=0, v=0), it can be 210 

applied as a control measure only if the population were not to go extinct due to it. The 211 

ability of the population to survive harvest of the given intensity h depends on its 212 
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maximum possible growth rate b0 (10).  We estimate the maximum possible effect of 213 

harvest in case of frequency-dependent disease transmission  and identify 214 

conditions for population collapse, disease control, and disease eradication in terms of b0.  215 

Our analysis does not require an exact form of density-dependent recruitment; we focus 216 

only on some of the qualitative properties of the effect.  We assume that b(n) is 217 

qualitatively similar to (10), i.e., it has a maximum b0 at n=0 and decreases 218 

monotonically until it equals zero at n=nc, in particular " can take any positive value. This 219 

is sufficient to apply phase plane analysis to the system represented by Eqs. (4), (5) 220 

(Supplementary Material). Its results can be presented as a bifurcation diagram that plots 221 

the equilibrium disease prevalence i* as a function of the maximum recruitment rate b0 222 

and the culling/harvesting rate h (Fig. 3). Three qualitative outcomes pertain.  Low 223 

maximum recruitment rates , , results in population 224 

collapse even without harvest. Intermediate recruitment rates , 225 

, allow for reduction of disease prevalence via culling/harvesting. 226 

Prevalence can be maintained between  and , 227 

further harvest increase above  causes population collapse. 228 

Finally, if , recruitment allows for complete disease eradication via 229 

culling/harvesting at harvest intensity . 230 

 231 

To show how these theoretical results can be applied to a specific disease of great 232 

concern, we consider CWD in white-tailed deer.  In the case of CWD,  we use a SI-type 233 

model for a prion disease that can spread among individuals or through the environment.   234 
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We assume a rate of decay in prion availability obtained in [13] is faster than the rate of 235 

CWD prevalence growth, and hence the amount of prion in the environment is 236 

proportional to the current number of infected individuals deposition.  Details of this 237 

approach are given in the Supplementary Materials).  Deer population is primarily 238 

regulated by density-dependent juvenile mortality, i.e. density-dependent recruitment of 239 

new adults [14].  There is no current vaccination for CWD but one is anticipated. 240 

Transmission coefficients for this species in Wisconsin have been estimated by 241 

Wassenberg et al. [19].  For purposes here, if we assume that CWD transmission is FD 242 

and using the estimate  infections/year from [19], and the estimate of 243 

 as measured in captive mule deer [13] we obtain the condition of disease 244 

persistence (9) for a completely susceptible population as 245 

    or     246 

assuming there is no difference in  CWD duration between species. Because CWD is 247 

mostly evident in adult deer [20], we can interpret b as recruitment of new adults, which 248 

accounts for both birth rate and survival of juveniles during their first year.  White-tailed 249 

deer have high fertility and on average adult females bear close to 2 or more fawns each 250 

year. Assuming buck:doe ratio as approximately 1:3, 2 fawns per year per adult female 251 

resulting in 2 fawns per 4/3 adults or 1.5 fawns/adult. However, typically only about 40% 252 

of the fawns survive until adulthood [21], which gives b(n)#0.6 year
-1

<1.07 year
-1

. 253 

Therefore, our analysis shows that, according to condition  (9), CWD prevalence should 254 

increase among free-ranging white-tailed deer under these conditions and no harvest.   255 

 256 
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Using the values of   and µ used in [19] we obtain . To estimate the 257 

collapse threshold we need deer natural mortality rate m. In [19] the estimate of survival 258 

is 0.97 (per half a year?), which corresponds to m=0.06, and gives . 259 

With this information it is possible to determine the effect of harvest on CWD 260 

prevalence, once the maximum recruitment rate b0 is known (Fig. 3). At present there are 261 

limited data on b0 for white-tailed deer. However, there is evidence that juvenile survival 262 

can increase by  in population with reduced density [22], which would 263 

increase the above estimate for b(n) to , so we may assume it as a low 264 

estimate of b0. An upper estimate of b0 should correspond to the highest possible survival 265 

of fawns. For mule deer the highest registered fawn survival rate is close to 0.8 [23], so 266 

we can assume that .  Therefore most probably , and deer would 267 

not die out due to CWD.  An assumption  does not seem unrealistic, but 268 

practical use of this inequality would require an increase of juvenile survival to about 269 

0.72 via release from density-dependence. Such high survival is unlikely to occur except 270 

in very productive environments where deer densities are kept far below food-based 271 

carrying capacity by harvest and in years of mild environmental conditions.  Most 272 

plausible assumption is that , and we conclude that under these 273 

conditions the modelled deer population is in the middle domain in Fig. 3 where harvest 274 

can reduce the disease prevalence, but it cannot eradicate the disease. Therefore, disease 275 

eradication would require vaccination as well as harvest.  276 

 277 
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In the absence of vaccination (v=0) and low harvest, we obtained a value of basic 278 

reproduction number at disease-free equilibrium for CWD 
 
(9), 279 

which agrees with the values reported by Miller et al. [13] for mule deer.  Thus an 280 

effective immunity level of  yields a basic reproduction number of . Hence 281 

immunity of about 1/3 of adult population would be necessary to stop CWD spread under 282 

the assumption of FD transmission with negligible vertical transmission, and for the 283 

assumed parameter values above.  An estimate of the critical value of FD transmission 284 

coefficient in Fig. 1 is . Thus harvest may not increase the required vaccination 285 

efforts and a joint harvesting/vaccination program may be necessary for disease 286 

eradication. 287 

 288 

The parameter estimates we are using are only preliminary and require additional and 289 

better data on deer and CWD [24] before they can be used to guide management, 290 

particularly studies of prion dynamics in the environment and their accessibility over 291 

time. To show that predicted outcomes of our modeling depend crucially upon parameter 292 

estimates, we considered a set of alternative parameters that may apply to white-tailed 293 

deer populations like in Wisconsin. If we take  infections/year (half of the 294 

above estimate, e.g. due to smaller group sizes), m=0.21 year
–1

 (estimate of survival rate 295 

for deer in Northeastern Minnesota [25]),  (assuming slower disease 296 

development due to lower contact rates in the wild than in penned deer), we obtain very 297 

different results: , . These values are well below the 298 

estimated recruitment rate for white tailed deer b(n)=0.76, and this in turn is below the 299 

value b0. For this scenario eradication via harvesting could be a possibility.  Hence, 300 
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detailed information of parameters related to deer population dynamics and disease 301 

dynamics is required for determining efficient control measures for region-specific CWD 302 

management. 303 

 304 

The effect of harvest on disease prevalence may be complicated by other factors as well. 305 

Choisy & Rohani [26] reported the disease prevalence increased with harvest for a 306 

disease with FD transmission.  Their example had critical differences from our case: their 307 

work represented a highly contagious disease ( ) with duration about 2 308 

weeks, very high probability of recovery, very low or zero mortality increase, and 309 

immune recovered individuals.  In other words, the main effect of the disease is  310 

“vaccination” of the population: equilibrium proportion of recovered individuals exceeds 311 

96%. The effect of harvest slightly resembles the case of our Fig. 2 for , when the 312 

diminishing of proportion of immune individuals has stronger effect than the decrease of 313 

 (see Supplementary Materials).  Bolzoni et al. [18] also observed an increase in 314 

disease prevalence with harvest, but in a model with DD transmission. In their model 315 

harvest of adults reduces juvenile mortality, and may even increase the total population 316 

and hence enhance the disease transmission.  In [27,28] there are described other 317 

situations when harvest causes other density-dependent population responses, i.e., 318 

increased litter size, or change animal behaviour, as in case of badgers, which may also 319 

facilitate disease spread. While possible,  no such factors have yet been identified for deer 320 

and CWD. 321 

 322 



16 

In this paper we have studied a model of fatal disease with frequency-dependent 323 

transmission.  We have shown that non-selective population harvest (i.e., removal of 324 

infected and uninfected animals at equal rate) may still be a useful disease management 325 

tool even under FD transmission, when population self-regulates through density-326 

dependent birth or recruitment, but it may not be possible when population self-regulates 327 

through density-dependent adult mortality. Under the former conditions, the most 328 

important population characteristic for applicability of the harvest control is its maximum 329 

recruitment rate at low population density.  Harvest may both facilitate and impede 330 

disease management by vaccination, depending on the disease transmission coefficient. 331 

With high transmission coefficient the main effect of harvest is boosting the disease due 332 

to removal of immune individuals. With low transmission coefficient stronger effect has 333 

the decrease of secondary infections due to shorter lifespan of infected animals, so the 334 

optimal management policy depends on the disease.  To the best of our knowledge, the 335 

harvest control of diseases with FD transmission has not been considered in detail 336 

previously, perhaps because it potentially can be applied only to species having the 337 

corresponding population regulation mechanism and high recruitment potential.   338 

 339 
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Figure Legends 349 

 350 

Fig. 1.  Examples of dependencies  for three values of ". For "=2 351 

the disease-free equilibrium calculation is shown, when recruitment compensates for 352 

mortality and harvest. 353 

 354 

Fig. 2.  Examples of vaccination rate necessary to eradicate the disease  as a 355 

function of harvest rate h under frequency-dependent disease transmission and density-356 

dependent recruitment. For the values of transmission coefficient  357 

there is an interval of h values where joint use of two controls is worse than vaccination 358 

alone. 359 

 360 

Fig. 3. Minimum equilibrium disease prevalence i*min(b0) that can be achieved by 361 

population harvest as a function of maximum population fecundity or recruitment b0 362 

(dotted line), and the required harvest rate h (dashed line) to achieve it for the case of FD 363 

transmission. For too small b0 population collapses after disease introduction; at medium 364 

b0 values population harvest can only reduce the prevalence, and too intensive harvest 365 

also causes population collapse; at high b0 values harvest allows to eradicate the disease 366 

at . 367 

368 



19 

 368 

References 369 

 370 

1. Diekmann, O., Heesterbeek, J. A. P. & Metz, J. A. J. 1990 On the definition and the 371 

computation of the basic reproduction ratio R0 in models for infectious diseases in 372 

heterogeneous populations. J. Math. Biol. 28, 365-382. 373 

 374 

2. Heesterbeek, J. A. P. 2002 A Brief History of R0 and a Recipe for its Calculation. Acta 375 

Biotheoretica 50, 189-204. 376 

 377 

3. Heffernan, J. M., Smith, R. J. & Wahl L. M. 2005 Perspectives on the basic 378 

reproductive ratio. J. R. Soc. Interface 2, 281-293. 379 

 380 

4. Lloyd-Smith, J. O., Cross, P. C., Briggs, C. J., Daugherty, M., Getz ,W. M., Latto, J., 381 

Sanchez, M. S., Smith, A. B. & Swei, A. 2005 Should we expect population thresholds 382 

for wildlife disease? Trends Ecol. Evol. 20, 511-519. 383 

 384 

5. McCallum, H., Barlow, N. & Hone, J. 2001 How should pathogen transmission be 385 

modeled? Trends Ecol. Evol. 16, 295-300. 386 

 387 

6. Begon, M., Bennett, M., Bowers, R. G., French, N. P., Hazel, S. M. & Turner, J. 2002 388 

A clarification of transmission terms in host-microparasite models: numbers, densities 389 

and areas. Epidemiol. Infect. 129, 147-153. (DOI: 10.1017/S0950268802007148) 390 



20 

 391 

7. Schauber, E. M. & Woolf, A. 2003 Chronic wasting disease in free-living deer and elk: 392 

a critique of current  models and their application. Wildlife Society Bulletin 31, 610-616. 393 

 394 

8. Smith, M. J., Telfer, S., Kallio, E. R., Burthe, S., Cook, A. R., Lambin,X. & Begon, M. 395 

2009 Host-pathogen time series data in wildlife support a transmission function between 396 

density and frequency dependence. Proc. Natl. Acad. Sci. USA 106, 7905-7909. 397 

 398 

9. Habib, T. J., Merrill, E. H., Pybus, M. J. & Coltman, D. W. 2011  Modelling landscape 399 

effects on density–contact rate relationships of deer in eastern Alberta: Implications for 400 

chronic wasting disease. Ecol. Modell., 222, 2722-2732. 401 

 402 

10. Miller, M. W., Williams, E. S., McCarty, C. W., Spraker, T. R., Kreeger, T. J., 403 

Larsen, C. T. & Thorne, E. T. 2000 Epizootiology of chronic wasting disease in free-404 

ranging cervids in Colorado and Wyoming. J. Wildlife Diseases 36, 676–690. 405 

 406 

11. Potapov, A., Merrill, E., Pybus, M., Coltman, D. & Lewis, M. A. 2011  Chronic 407 

wasting disease: on possible transmission mechanisms in deer. Ecol. Modell., submitted. 408 

 409 

12. Miller, M.W., Williams, E.S., Hobbs, N.T., Wolfe, L.L. 2004 Environmental sources 410 

of prion transmission in mule deer. Emerging and Infectious Diseases 10, 1003-1006. 411 

 412 



21 

13. Miller, M. W., Hobbs, N. T. & Tavener, S. J. 2006 Dynamics of prion disease 413 

transmission in mule deer.  Ecological Applications 16, 2208-2214. 414 

 415 

14. Gaillard, J.-M., Festa-Bianchet, M. & Yoccoz, M. G. 1998 Population dynamics of 416 

large herbivores: variable recruitment with constant adult survival. Trends Ecol. Evol. 13, 417 

58-63. 418 

 419 

15. Hilker, F. M., Langlais, M., Petrovskii, S. V. & Malchow, H. 2007 A diffusive SI 420 

model with Allee effect and application to FIV. Math. Biosci. 206, 61-80. 421 

 422 

16. Horan, R.D. & Wolf, C.A. 2005 The economics of managing infectious wildlife 423 

disease. Am. J. Agric. Econ. 87, 537-551. 424 

 425 

17. Barlow, N. D. 1996 The Ecology of Wildlife Disease Control: Simple Models 426 

Revisited. J. Appl. Ecol. 33, 303-314.  427 

 428 

18. Bolzoni, L., Real, L. & De Leo, G. 2007 Transmission heterogeneity and control 429 

strategies for infectious disease emergence. PLoS ONE 2, e747. 430 

doi:10.1371/journal.pone.0000747 431 

 432 

19. Wassenberg, G., Osnas, E. E., Rolley, R. E. & Samuel, M. D. 2008. Host culling as 433 

an adaptive management  tool for chronic wasting disease in white-tailed deer: a 434 

modeling study. J. Appl. Ecol.  46, 457-466. 435 



22 

 436 

20. Heisey, D. M., Osnas, E. E., Cross, P. C., Joly, D. O., Langenberg, J. A. & Miller, M. 437 

W. 2010 Linking process to pattern: estimating spatiotemporal dynamics of a wildlife 438 

epidemic from cross-sectional data. Ecological Monographs 80, 221-240 439 

 440 

21. Unsworth, J. W., Pac, D. F., White, G. C. & Bartmann, R. M. 1999 Mule deer 441 

survival in Colorado, Idaho, and Montana. J. Wildlife Management 63, 315-326. 442 

 443 

22. White, G. C. & Bartmann, R. M. 1998 Effect of Density Reduction on Overwinter 444 

Survival of Free-Ranging Mule Deer Fawns. J. Wildlife Management 62, 214-225 445 

 446 

23. White, G.C. & Lubow, B.C. 2002. Fitting population models to multiple sources of 447 

observed data. J. Wildlife Management 66, 300-309.  448 

 449 

24. Young, C.A. 2011.  Population dynamics.  Pages147-180 in Biology and 450 

management of white-tailed deer.  Editor: D.G. Hewitt. CRC Press, Boca 451 

Raton, 674 pp. 452 

 453 

25. Nelson, M. E. & Mech, L. D. 1986 Mortality of White-Tailed Deer in Northeastern 454 

Minnesota. J. Wildlife Management 50, 691-698  455 

 456 

26. Choisy, M. & Rohani, P. 2006 Harvesting can increase severity of wildlife disease 457 

epidemics. Proc. R. Soc. B 273, 2025-2034. 458 



23 

 459 

27. Woodroffe, R., Cleaveland, S., Courtenay, O., et al. 2004 Infectious diseases in the 460 

management and conservation of wild canids. Pages 123–142 in Biology and 461 

conservation of wild canids. Editors D.W. Macdonald & C. Sillero-Zubiri. Oxford, UK: 462 

Oxford University Press. 463 

 464 

28. Donnelly, C.A., Woodroffe, R., Cox, D.R. et al. 2006 Positive and negative effects of 465 

widespread badger culling on tuberculosis in cattle. Nature 439, 843-846. 466 

 467 

468 



24 

 468 

 469 

 470 

Fig. 1 471 

 472 

 473 

 474 

 475 

 476 

Fig. 2 477 

 478 

479 



25 

 479 

 480 

 481 

Fig. 3. 482 





RECENT REPORTS
64/11 Stability estimates for a twisted rod under terminal loads: a three-

dimensional study
Majumdar
Prior
Goriely

65/11 Adaptive Finite Element Method Assisted by Stochastic Simula-
tion of Chemical Systems

Cotter
Vejchodsky
Erban

66/11 On the shape of force–free field lines in the solar corona Prior
Berger

67/11 Tear film thickness variations and the role of the tear meniscus Please
Fulford
Fulford
Collins

68/11 Comment on “Frequency-dependent dispersion in porous media” Davit
Quintard

69/11 Molecular Tilt on Monolayer-Protected Nanoparticles Giomi
Bowick
Ma
Majumdar

70/11 The Capillary Interaction Between Two Vertical Cylinders Cooray
Cicuta
Vella

71/11 Nonuniqueness in a minimal model for cell motility Gallimore
Whiteley
Waters
King
Oliver

72/11 Symmetry of uniaxial global Landau-de Gennes minimizers in the
theory of nematic liquid crystals

Henao
Majumdar

73/11 Filling of a Poisson trap by a population of random intermittent
searchers

Bressloff
Newby

01/12 Mechanical growth and morphogenesis of seashells Moulton
Goriely
Chirat

02/12 How linear features alter predator movement and the functional
response

McKenzie
Merrill
Spiteri
Lewis

03/12 The Fourier transform of tubular densities Prior
Goriely

04/12 Numerical studies of homogenization under a fast cellular flow. Iyer
Zygalakis

05/12 Solute transport within porous biofilms: diffusion or dispersion? Davit
Byrne
Osborne
Pitt-Francis



08/12 Qualitative Analysis of an Integro-Differential Equation Model of
Periodic Chemotherapy

Jaina
Byrne

09/12 Modeling Stem/Progenitor Cell-Induced Neovascularization and
Oxygenation

Jain
Moldovan
Byrne

10/12 Allee Effects May Slow the Spread of Parasites in a Coastal Marine
Ecosystem

Krkošek
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