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Abstract

Despite the ubiquity of disease in nature, the role that disease dynamics play in the compen-

satory growth response to harvesting has been ignored. We use a mathematical approach to

show that harvesting can lead to compensatory growth due to a release from disease-induced

mortality. Our findings imply that culling in systems that harbor virulent parasites can reduce

disease prevalence and increase population density. Our models predict that this compensation

occurs for a broad range of infectious disease characteristics unless disease induces long-lasting

immunity in hosts. Our key insight is that a population can be regulated at a similar density

by disease or at reduced prevalence by a combination of culling and disease. We illustrate our

predictions with a system-specific model representing wild boar tuberculosis infection, param-

eterized for central Spain, and find significant compensation to culling. Given that few wildlife

diseases are likely to induce long-lived immunity, populations with virulent diseases may often

be resilient to harvesting.
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Introduction

It is well known that harvesting may be compensated by an increased growth rate at lower den-

sity (Abrams 2009). This phenomenon of compensatory growth in response to culling was first

modelled by Ricker (1954) who showed that for moderate harvesting levels the population can

stabilize to a level that exceeds the density in the absence of harvesting. Despite the ubiquity

of infectious disease in nature, little work has considered the impact of harvesting and culling

in populations with virulent infectious disease and the compensatory potential of changes to

disease dynamics. Since culling affects the disease dynamics there is considerable potential to

generate feedbacks on host population dynamics. Moreover, as culling is also used as a man-

agement strategy to control emergent wildlife diseases, it is vital to understand the interplay

between culling, disease and population dynamics (Barlow 1996; Woodroffe 1999). In this study

we develop mathematical models to examine the impact of culling in systems that support en-

demic diseases and for the first time detail how culling can lead to compensatory growth due to

a reduction in disease-induced mortality.

It is difficult to gather field data to test theories about the population-level implications of

complex disease dynamics (Abrams 2009; McCallum 2016). Mathematical models are therefore

important tools for explaining the impact of culling and harvesting in systems with endemic

parasites. There is an extensive modelling literature focussed on the control of disease through

culling, for example chronic wasting disease in deer in North America (Potapov et al. 2012; Storm

et al. 2013; Uehlinger et al. 2016; Wasserberg et al. 2009); acutely virulent classical swine fever

in wild boar (Bolzoni et al. 2007; Choisy and Rohani 2006; Cowled et al. 2012); and lethal facial

tumour disease in Tasmanian devils (Beeton and McCallum 2011). While these studies recognize

that culling in systems with endemic disease can induce compensation through demographic

processes, they have not examined how culling may lead to compensatory effects that arise

directly from changes in disease dynamics.

The limited work that has examined the effect of culling on disease dynamics has shown that

4



culling may increase prevalence due to a decrease in long-lasting immunity or vaccine coverage

(Bolzoni et al. 2007; Choisy and Rohani 2006; Potapov et al. 2012), with Potapov et al. (2012)

showing that prevalence can decrease in a system with no immunity. However, these studies

have not examined compensatory effects due to disease and have only considered a limited

range of disease characteristics. Here, we model in general the impacts of culling and harvesting

in systems that support a wide range of endemic diseases. A novel aspect of our study is that

we isolate the compensatory effects following culling due to changes in the disease dynamics

resulting from a population level release from disease-induced mortality. This facet is vital if

we are to understand the response of harvesting in managed and natural systems that harbor

virulent parasites. We show that significant host compensation occurs in response to culling

for infections that do not cause long-lasting immunity and therefore such host populations can

be more sustainable. However, when there is long-lasting immunity the disease can decrease

the population’s resilience to harvesting and increase its extinction risk when culling is used to

manage a disease. We develop a system-specific model of Sus scrofa (wild boar) tuberculosis

interactions that illustrates our predictions in a specific disease context. Our work highlights

the importance of understanding the nature of immunity to infectious disease for sustainable

harvesting of populations and the management of disease through culling.

Methods

We examine a classical compartmental SIRS model of disease (Anderson and May 1979; Keeling

and Rohani 2008) that considers a total population (N) split into separate classes representing

different disease stages: the class of susceptibles (S), of infecteds (I) and of recovereds/immunes

(R), such that the total population density is N = S + I + R. In this model all classes reproduce

and all newborns are susceptible. The maximum per capita birth rate b decreases with increasing

density through parameter q and all population classes incur natural death at rate d. A suscep-

tible individual becomes infected with transmission rate function θ(I, N) which can represent
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density-dependent (DD) or frequency-dependent (FD) disease transmission (equations (4) and

(5) respectively). Infected individuals incur additional disease-induced mortality (virulence) at

rate α and can recover from infection to become immune from the disease at rate γ. Immunity

can be lost causing recovereds to become susceptible again at rate η. This model is represented

with the following system of ordinary differential equations:

dS
dt

= bN(1− qN)− dS− θ(I, N)S + ηR (1)

dI
dt

= θ(I, N)S− dI − αI − γI (2)

dR
dt

= γI − dR− ηR. (3)

A strength of our model is that it can be adapted to represent a range of classical infection

frameworks: SI by setting γ = 0; SIR by setting γ > 0 and η = 0; and SIRS with both γ > 0

and η > 0. The system is normalized to a common endemic steady state N = Ne (S = Se,

I = Ie, R = Re and we choose Ne = 1 without loss of generality) when the initial prevalence prior

to culling is pi (= Ie/Ne), see online appendix A, section A1 for further details. The endemic

transmission functions are defined as follows:

DD transmission : θ(I, N) =
(d + α + γ)

Ne

(
1− pi

(
γ

d+η + 1
)) I (4)

FD transmission : θ(I, N) =
(d + α + γ)(

1− pi

(
γ

d+η + 1
)) I

N
. (5)

Under this set-up we can compare results for systems that have the same initial density and

initial level of prevalence prior to culling.

We examine the dynamics exhibited by the model (equations (1-3)) when the population is

subject to indiscriminate culling (i.e. an equal proportion is removed from each class in the

model). We implement the culling regime as a discrete event that removes a fixed percentage

of the population with continuous population regrowth between each cull event. Culling occurs

at unit time intervals leading to 1/d culls during the average lifetime of an individual in the

absence of the disease. We run the culling regime for 30 consecutive periods of instantaneous
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cull followed by regrowth and examine the effect on the disease prevalence and the population

density both during and at the end of this culling regime. In particular, we define the ‘resultant

density’ as the population density at the end of the 30 consecutive cull and subsequent regrowth

events. Note, our results are qualitatively similar if we assume culling occurs continuously rather

than as a discrete event (see below and online appendix A, section A2). Our results are produced

numerically using MATLAB ODE solvers.

In addition to assessing the impact of culling on the dynamics in the full model (equations

(1-3)) we also develop a model whose dynamics can respond to culling through demographic

effects only:
dN
dt

= bN(1− qN)− dN − αpiN. (6)

This ‘demographic effects only model’ has the equivalent level of mortality to the full model

(equations (1-3)) at the endemic steady state but it cannot respond to changes in disease preva-

lence and therefore allows us to isolate the importance of changes to the disease dynamics as a

result of culling. The parameters b, d, q and α are the same as in the full model (equations (1-

3)), pi is the initial prevalence in the full model (which is constant in this model) and therefore

prior to culling both models have the same steady state density N = Ne. Importantly, the

density-dependent per capita birth rate, b(1− qN), has an identical response in both models and

therefore any changes to the density in response to culling lead to the same change in the per

capita birth rate.

We now note that the dynamics of the total density in the full model (found by summing

equations (1-3)) can be written as:

dN
dt

= bN(1− qN)− dN − α
I
N

N. (7)

Prior to culling the level of mortality is the same, since pi = Ie/Ne. Critically, however, culling

can lead to a change in the disease dynamics and therefore a change in disease prevalence I/N.

This can lead to a change in the rate of mortality in the full model but not in the demographic

effects model since pi does not change. A comparison of the full model and the demographic
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effects only model therefore allows us to determine the importance of changes due to the disease

dynamics as a result of culling.

We also develop a ‘disease effects only’ model which has the same disease dynamics as

the full model (equations (1-3)) but has a fixed per capita birth rate b(1− qNe) and therefore

dynamic population density does not affect the rate of reproduction. This model is the same as

equations (1-3) except for equation (1) which is modified as follows:

dS
dt

= bN(1− qNe)− dS− θ(I, N)S + ηR. (8)

For DD transmission the disease effects only model has the same endemic steady state, Ne, as

the full model and therefore we can compare results between the disease effects only model and

the full model to understand the contribution of demographic effects on compensatory growth.

However, for FD transmission, the disease effects only model does not have a comparable non-

zero endemic steady state so this comparison is not valid. (In a similar manner a model that

cannot respond through disease or demographic effects cannot be compared to the full model,

as culling would lead to population extinction.)

Analysing the results for these models allows us to compare the compensatory growth fol-

lowing culling that is due to: both demographic and disease effects (represented by the full

model, equations (1-3)); demographic effects only (represented by equations (6)); and disease

effects only (represented by equation (8)). The difference between the population densities in

response to culling in these models allows us to partition compensatory growth due to disease

dynamics only, namely a population level release from disease-induced mortality, and compen-

satory growth due to demographic effects. In this study we wish to understand the importance

of compensatory growth due to a release from disease-induced mortality in response to culling

for a range of key infection representations.

We examine the behaviour of the model, equations (1-3), with DD and FD transmission for

a SI framework (no recovery from infection) and for a SIR framework which represents life-long

immunity to infection. Later we consider a SIRS framework in which immunity can wane over
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time; targeted culling on infected individuals only; and density-dependent mortality in addition

to density-dependent reproduction. In addition to assessing the impact of culling in systems

with classical modes of directly transmitted infection (DD and FD) we have also undertaken

our analysis for systems with environmental, free-living (FL) transmission (Anderson and May

1981). The results for FL transmission are qualitatively similar to those with DD transmission

and general results are detailed in online appendix A, section A3. To emphasize the breadth of

our findings the results for systems with FL transmission are highlighted in the case study on

the impact of culling on wild boar tuberculosis interactions.

Results

The effects of culling in populations with virulent infection and no recovery

Figure 1a(i-ii) shows that culling does not greatly decrease population density in systems with

DD transmission in the absence of recovery. Indeed, after the initial culling events, the resultant

density immediately prior to the next cull reaches a level exceeding the initial density Ne = 1.

Moreover, the density can reach higher levels under a 25% cull than under a 10% cull. Here,

culling leads to compensatory (even over-compensatory) growth as a result of changes to the

disease dynamics. In particular, there is a reduction in the infected density and increase in sus-

ceptible density (figure 1a(i-ii)) and therefore, as the total population density is not diminished,

there is a reduction in disease prevalence (figure 1c(i-ii)) which reduces the level of disease-

induced mortality suffered by the population. The reduction in prevalence is greater under the

higher level of culling and so the compensatory growth due to infection processes is greater un-

der higher culling. Under FD transmission the total population size increases less in response

to culling (figure 1b(i-ii)) but again there is a reduction in the infected density and increase in

susceptible density that mitigates some of the mortality due to culling. The reduction in dis-

ease prevalence due to culling is smaller under FD compared to DD transmission (figure 1c(i-ii)),

which may explain the lower compensatory response.
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To understand these findings more clearly we examine the results for a 25% cull in population

phase space (figure 2i) and in terms of changes in the force of infection (figure 2ii). Under DD

transmission the population response following the initial culls is an increase in susceptibles but

a decrease in infectives (figure 2a(i)), since culling reduces the force of infection (figure 2a(ii)).

Eventually, the density prior to the next cull stabilizes, with an increased density of susceptibles,

a decreased level of infecteds and a decreased force of infection. In this way the increased mor-

tality due to culling is compensated by population level decreases in mortality due to the disease.

Under FD transmission the population response following initial culls is an increase in suscepti-

ble and infected density (figure 2b(i)). In particular, culling does not reduce the force of infection

under FD transmission (figure 2b(ii)) as much, particularly in the initial culling events. The re-

sultant population therefore supports a higher level of infecteds compared to DD transmission,

and therefore while the compensatory effects due to reduced population level disease-induced

mortality are still significant they are smaller under FD transmission.

The compensatory population growth in response to culling can result from two mechanisms:

a reduction in the impact of density dependence on reproduction; and a population level reduc-

tion in disease-induced mortality due to changes in the disease dynamics. Both these mechanisms

could occur for the population level response to culling for our full model, equations (1-3). In

figures 3a(i-ii) & 3b(i-ii) we compare the results from the full model with the demographic effects

only model (equations (6)) and in figure 3a(ii) we compare the results from the full model with

the disease effects only model (equation (8)), noting that this latter comparison is only valid for

DD transmission. The difference between the full model and disease effects only model repre-

sents the compensation that is solely due to demographic effects and here this compensation is

minimal (figure 3b(i)). The difference between the full model and the demographic effects only

model represents the compensation due to the population level reduction in disease-induced

mortality and accounts for most of the compensatory growth (figures 3b(i) & 3b(ii)). A key result

is that compensation due to disease effects in response to culling can be substantial under both

DD and FD transmission.
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The effects of culling in populations with virulent infection and recovery to

immunity

Figures 1a(iii-iv) & 1b(iii-iv) show that compensatory growth due to a population level release

from disease-induced mortality is not evident in systems with life-long immunity following in-

fection. Here, culling leads to a significant reduction in the population density and an increase in

infected prevalence (figure 1c(iii-iv)). This effect is most pronounced under FD transmission as

here the force of infection remains high when the population abundance is reduced. In systems

with life-long immunity the population composition in the absence of culling includes a rela-

tively large proportion of recovered/immune individuals. Culling removes all classes equally,

but it takes time for individuals to move through the infection stages to reach the recovered class

and therefore culling leads to a larger relative reduction to the recovered class density and so the

proportion of the population that suffers virulence (I/N) increases. Figures 4a(i) & 4(ii) show

that culling leads to a greater reduction in population density in the full SIR model than in the

demographic effects only model. Also, for DD transmission (figure 4b(i)) culling decreases pop-

ulation density less in the full SIR model than in the disease effects only model. Therefore culled

populations that support virulent infections with recovery to life-long immunity do not bene-

fit from reduced disease-induced mortality but, as shown here for DD transmission, do exhibit

compensation due to demographic effects which mitigate some of the mortality due to culling.

A key point is that when there is life-long immunity there can be a significant reduction in the

population density and the disease can make the population less resilient to harvesting.

The impact of culling on population management

Culling is often used as a strategy for population eradication, for instance to remove pest or inva-

sive species. We can use our model to investigate how the presence of virulent infection changes

the level of culling required to eradicate a population. Figures 3b(i)&(ii) show that in systems

without life-long immunity the compensatory effects due to changes in the disease dynamics
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mean that an increased level of culling is required to eradicate the population. In systems that

have life-long immunity (figures 4b(i) & 4b(ii)) the presence of virulent disease makes the popu-

lation harder to eradicate under DD transmission but easier to eradicate under FD transmission.

Here, under FD transmission, culling leads to an increase in infection prevalence and so increases

the population disease-induced mortality in addition to culling mortality. In contrast, under DD

transmission, high levels of culling reduce the proportion of recovered individuals to such an

extent that the system acts like one in which life-long immunity is absent. Our work therefore

indicates that programmes to eradicate invasive species will be hindered if the invasive species

harbors a virulent non-immunizing parasite or immunizing parasite under DD transmission but

facilitated for strongly immunizing virulent parasites with FD transmission. It is critical therefore

to understand the nature of transmission and immunity to the key virulent infectious diseases of

a target species prior to the use of culling for population elimination.

The impact of culling on disease management

Culling is also used as a strategy to manage or eradicate a disease. Here the goal may be to

eliminate the disease while maintaining viable or maximum levels of host density (Beeton and

McCallum 2011; Boadella et al. 2012; Davidson et al. 2009; Hallam and McCracken 2011), or

the impact on the host density is of less concern (O’Brien et al. 2011). Our study indicates

that the level of culling required to eradicate the disease increases as the virulence increases for

DD transmission under both the SI and SIR model frameworks (figures 3c(i) & 4c(i)). Under

FD transmission the level of culling required to eradicate the disease increases in the absence

of immunity and decreases in the presence of life-long immunity (figures 3c(ii) & 4c(ii)). A

key result is that the interval between the level of culling required for disease eradication and

population extinction is narrow at high virulence in the absence of immunity and narrow at all

levels of virulence with immunity. These results highlight the importance of understanding the

infection status of a population before culling for disease management as the level of culling

required for disease eradication may put the population at risk of extinction.
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Generality of model findings

Our analysis has shown how culling can lead to positive compensatory growth due to a popula-

tion reduction in disease-induced mortality in systems without immunity and can lead to larger

decreases in population density in systems with life-long immunity. It is therefore important to

ascertain the threshold in the level of immunity that partitions the positive and negative impacts

on growth in response to culling. To do this we examine how the long-term density responds to

culling in an SIRS model in which infection leads to immunity but where immunity can wane.

For both DD and FD transmission, positive compensatory growth due to infection feedbacks in

response to culling occurs except when the recovery rate is high and the loss of immunity is

low (figure 5). Therefore, our results indicate that culling can lead to a population level reduc-

tion in disease-induced mortality that mitigates the impact of culling on population abundance,

provided the infection does not lead to long-lasting immunity.

We confirm our findings for discrete culling in a model of continuous culling (the detailed

analysis is presented in online appendix A, section A2 and section A4). The results for the

continuous cull model approximate the average density of those for the equivalent discrete cull

(online appendix A, figures A1, A3 & A4). As such, the model for continuous culling exhibits the

compensation due to a release from disease-induced mortality that we are investigating, although

as an average does not show the potential increase in resultant density above the endemic steady

state illustrated in figure 3. However, it does allow a robust comparison of steady states for our

different model formulations. In particular, we compare the steady states for total density in

the full model for DD and FD transmission, NDD and NFD respectively, with the demographic

effects only model, Ndem, and the disease effects only model, Ndis, and compare these values

with the density prior to culling, Ne. For the SI model with DD transmission we show that

Ne > NDD > Ndis > Ndem and for FD transmission Ne > NFD > Ndem, which confirms the

findings of figure 3 & online appendix A, figure A2(i). In our illustrated results (online appendix

A, figure A2a(i)) we see that NDD − Ndem � NDD − Ndis and therefore the release from disease-
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induced mortality contributes most of the compensation in response to culling (a similar result

holds for FD transmission, online appendix A, figure A2b(i)). These results also hold for the SIRS

model when there is a low rate of recovery or a high rate of loss of immunity. When immunity

is sufficiently long-lived (e.g. high recovery and low loss of immunity) then for DD transmission

Ne > Ndem > NDD > Ndis and for FD transmission Ne > Ndem > NFD, which again confirms

the findings in figure 4 & online appendix A, figure A2(ii). These analytical results hold for all

valid parameter values and confirm our key finding that the compensation due to disease effects

exceeds those due to demographic effects in systems without long-lived immunity.

We also examine the impact of culling that is targeted on infected individuals and find that

compensation due to changes in the disease dynamics still occurs under the SI model, but is

greater under FD than DD transmission (see online appendix A, section A4 and figure A7). The

amplified compensatory growth under FD transmission occurs as targeted culling leads to a di-

rect decrease in the force of infection since infected density decreases more rapidly than total

density (under indiscriminate culling infected and total density decrease at the same rate due

to culling). For the SIR model targeted culling has little effect on density and prevalence and

therefore the negative impacts of culling and disease are no longer observed, but the level of

compensation is minimal. For the SIR model targeted culling does initially reduce the force of

infection but as a consequence fewer individuals progress to the recovered and immune class;

overall these two effects balance. In general, the findings for the model with targeted culling

confirm our previous results that compensation due to disease effects occurs in the absence of

long-lasting immunity. We also compare the steady states for total density under continuous

targeted infected culling for DD and FD transmission, NT
DD and NT

FD respectively. We show

that for a sufficient level of targeted infected culling and low rate of recovery or high rate of

loss of immunity, then NT
FD > NT

DD > Ne, confirming the findings in online appendix A, fig-

ures A7 & A8, and supports our finding of the potential for targeted infected culling to induce

an over-compensatory population growth response.

The full model (equations (1-3)) includes demographic crowding effects on birth only. In
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online appendix A, section A5 we examine the impact of culling on compensatory growth for a

version of the full model that can include density-dependent birth and/or death. The results are

unchanged under DD transmission regardless of whether density dependence is on birth, death

or a combination of both. Under FD transmission the compensatory effect due to a release from

disease mortality decreases as the level of density-dependent death increases relative to density-

dependent birth. The only scenario in which there is no compensatory effect due to changes

in disease dynamics is when there is purely density-dependent death (under FD transmission).

Therefore our key finding that culling can lead to compensatory growth due to changes in the

disease dynamics is evident for almost all scenarios of density-dependent birth and death. An

analytical explanation of these findings is presented in online appendix A, section A5. A param-

eter sensitivity analysis examining how the level of compensatory growth varies with disease

virulence, initial prevalence and cull period is presented in online appendix A, section A6.

Case Study

We highlight the applicability of our findings by considering a case study of the use of culling

to manage tuberculosis in Eurasian wild boar (Sus scrofa) in central Spain. Here, environmental

drivers, such as summer drought, can lead to aggregation with associated high prevalence of

infection of Mycobacterium tuberculosis complex (MTC) which are the causative agents of animal

tuberculosis (TB) (Vicente et al. 2007). We assume that the driver of infection in the wild boar TB

system is through environmental contact with free-living MTC pathogen which is shed from the

most infectious individuals (Barasona et al. 2017). It is appropriate to assume the population is

well-mixed in terms of transmission as on managed estates infection is likely to occur at scarce

water holes where free-living MTC can persist and which are utilized frequently by the whole

population. Therefore the free-living (FL) transmission mode is used in this case study (see online

appendix A, section A3 and recall that FL transmission produces qualitatively similar findings

to DD transmission). In central Spain wild boar are the primary reservoir host for MTC and in
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some regions up to 70% of the population can be infected with MTC of which half (35% of the

total population) may exhibit generalized infection (infected and infectious) (Santos et al. 2015;

Vicente et al. 2013). Individuals with generalized infection suffer high levels of disease-induced

mortality (Barasona et al. 2017). Since wild boar have an economic and cultural value for the

hunting community in Spain there has been a reluctance to use additional culling to control TB

as it may result in decreased population abundance. However, since the wild boar TB system is

characterized by high disease-induced mortality and no recovery from infection (Barasona et al.

2016) our earlier general results indicate that culling could result in compensatory growth due

to reduced disease-induced mortality offsetting the mortality associated with culling and thus

sustaining population abundance.

We extend our model framework to represent the wild boar TB systems for a single geo-

graphical managed estate containing a homogeneously mixed population covering an area of

3× 3km2. The population density of wild boar is separated into different age classes to capture

distinct disease and reproductive characteristics for piglets (aged 0-1 year), yearlings (aged 1-2

years), and adults (aged 2 years+). Further, the age-classes are split into susceptible, infected and

generalized (infected and infectious) classes to reflect disease status. Yearlings and adults can

give birth, and in contrast to our model formulation in equations (1-3) the crowding parameter

q (online appendix A, section A7.1), used to limit the disease-free total population density to the

carrying capacity, is independent of the endemic disease prevalence. Infection occurs through

environmental contact with free-living MTC pathogen which is shed from individuals with the

generalized infection. The population dynamics of wild boar and TB are represented by a sys-

tem of differential equations that are an extension of our general framework, equations (1-3). Full

details of the model and parameterization can be found in online appendix A, section A7.

When there is an indiscriminate cull on yearlings and adults the population density shows

an initial drop followed by an increase with peak density only falling by 10% in response to a

25% annual cull (figure 6a(i)). While total population size shows only a small reduction there

is a more significant reduction in infected individuals and total prevalence drops from 64% to
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43% and generalized prevalence from 35% to 22%. More generally (figures 6b(i) & 6c(i)) there is

only a shallow decline in population density in response to increased culling up to a threshold

at which the disease is eradicated from the system (50% cull). After this the population level

declines rapidly. When there is a targeted annual cull of 25% of generalized yearlings and adults

(figure 6ii) we see an increase in the total population but only a modest decrease in prevalence

and in particular little change in the density of infected and generalized individuals. These

results highlight that compensatory growth due to reduced disease-induced mortality may offset

increased culling and may lead to a reduction in TB prevalence in wild boar without detrimental

reductions in density. Our general predictions may therefore be applicable in this system and

highlight the importance of detailed modelling in the context of culling in the face of disease.

Discussion

Despite the ubiquity of infectious disease in nature, there has been little work on the impact

of disease on harvested populations. Our key result is that population reductions from culling

and harvesting are compensated in a wide range of infectious disease scenarios due to a popu-

lation level release from disease-induced mortality. The compensatory effect increases as disease

virulence, the pre-culling level of prevalence and the level of culling increase and occurs for

systems with density-dependent, frequency-dependent and environmental (free-living) modes

of transmission. The key outcome is that culling in systems that harbor virulent parasites can

lower disease prevalence without significantly reducing, or indeed can increase, population den-

sity. The population can therefore be regulated at a similar density by disease or at reduced

prevalence by a combination of culling and disease.

Compensation due to changes in disease dynamics occurs in the absence of long-lasting im-

munity. With long-lasting immunity and indiscriminate culling, disease generally increases the

impact of culling and harvesting, reducing the population density compared to systems without

the disease. Although there are examples of life-long immunity in wildlife and livestock popula-
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tions (rinderpest vaccine produces life-long immunity in African cattle (Roeder et al. 2013)) there

are also many examples, including TB, where vaccine-derived immunity wanes (Thom et al.

2012). This indicates that even in those diseases with acquired immunity, this protection may

often be partial or wane leading to an SIRS model where individuals become susceptible again

after a period of immunity. It is likely therefore that many wildlife systems that support virulent

infectious disease will exhibit compensatory growth due to reduced disease-induced mortality

following culling. Of course, many populations will have multiple diseases, but the key point

is to understand the overall disease burden and in particular whether there is widespread im-

munity to the key sources of virulence. System-specific models can then determine whether the

infectious disease allows increased exploitation or makes the host population more vulnerable.

For example, our system-specific model of the wild boar TB interaction in central Spain predicted

a strong effect of compensation due to changes in disease dynamics leading to only modest re-

ductions in the population abundance due to hunting. This is therefore an example in which the

impact of harvesting is offset in a host that harbors a virulent parasite and suggests hunting is

likely to be a sustainable management option in this system.

Our results have important consequences for the use of culling to manage infectious dis-

ease. The impact of harvesting on wildlife disease has been previously considered in models

with long-lasting immunity (Bolzoni et al. 2007; Choisy and Rohani 2006) which reported an

increase in prevalence. Our results confirm these findings since in systems with long-lasting

immunity harvesting will reduce the density of immune individuals to a greater proportional

extent than other classes (Bolzoni et al. 2007; McCallum 2016). We also support previous studies

(Barlow 1996; Potapov et al. 2012; Storm et al. 2013; Wasserberg et al. 2009) which showed that

indiscriminate culling is more effective at reducing disease prevalence when infection results

from density-dependent rather than frequency-dependent transmission. However, we show that

targeted culling is more effective when transmission is frequency-dependent. System-specific

models have shown how localized culling could reduce the prevalence of classical swine fever in

wild pigs (Cowled et al. 2012) and reduce the prevalence and spread of chronic wasting disease
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in white tailed deer (Potapov et al. 2016; Storm et al. 2013), predictions that are supported by

observations in the field (Carstensen et al. 2011; Manjerovic et al. 2014).

Our results highlight the difficulty of using culling to eradicate an infectious disease and may

explain empirical findings that suggests that culling is not an effective disease management tool.

For example, bovine tuberculosis has persisted in badger populations in Great Britain despite

comprehensive culling campaigns (Donnelly et al. 2006); Gortázar et al. (2015) reviewed culling

programmes worldwide reporting few that achieved 100% efficacy. Theroretical models have

suggested that culling could not control white-nose syndrome in bats (Hallam and McCracken

2011); that very high levels of culling were required to eradicate paratuberculosis in rabbits

(Davidson et al. 2009) and Tasmanian devil facial tumour disease (Beeton and McCallum 2011);

and that culling may increase disease transmission through changes in other ecologically driven

factors (Prentice et al. 2014). While our findings indicate that culling can maintain prevalence at

reduced levels, they also highlight that high levels of culling are required to eradicate an infection

and that there is a narrow range of culling levels between disease eradication and population

extinction. System-specific models are therefore required to determine the likelihood of success

and the risk of population extinction that may result from culling programmes to control disease.

Previous model studies of the wild boar TB system suggested that culling may contribute to

TB management when used in conjunction with other control measures (Anderson et al. 2013).

Our model of TB and wild boar shows how such system-specific models can be built to under-

stand when and how culling can be used as a management tool in wildlife systems that harbor

virulent disease. Wild boar hunting is a source of income while in some localities spillover of TB

into livestock has economic impacts. Our results show that hunting could be a viable method

for controlling TB in wild boar because hunting leads to a significant drop in disease prevalence

with the model results supported by observations in central Spain (Barasona et al. 2016; Boadella

et al. 2012). This is a ‘win-win’ situation for managed estates since in addition to decrease in

disease prevalence a large proportion of the mortality from hunting is countered by a reduction

in disease-induced mortality. The model results indicate that the largest decrease in prevalence
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and density of infectious individuals is for indiscriminate culling (of juveniles and adults). Here,

there is a threshold at which culling eradicated the disease (60% in our model study) after which

population abundance decreases rapidly leading to extinction when culling reaches 75%. It may

therefore be possible to eradicate TB in wild boar through culling, but it would be critical to

determine these thresholds at a regional level. Targeted culling of infectious wild boar resulted

in only modest reductions in prevalence and no discernible change in the density of infecteds.

This may explain the failure of targeted culling to control TB in empirical studies (Che’Amat

et al. 2016).

Over-compensatory population regrowth in response to culling events is well-known in sys-

tems that do not consider infectious disease; Abrams and Matsuda (2005) termed this a ‘hydra’

effect. Abrams (2009) outlined three possible mechanisms that may produce the hydra effect:

(i) additional mortality altering pre-existing population oscillations in a way that leads to an

increased density, (ii) a temporal separation of mortality and density dependence and (iii) mor-

tality of a consumer leading to over-compensatory changes in other aspects in the food web. Our

results for the model with discrete culling show that the resultant density can exceed the original

density. Our results with targeted infected culling, for both discrete and continuous model set-

ups, show that the resultant density may also surpass the total population density in the absence

of culling. These results arise as culling induces population regrowth in an environment with re-

duced prevalence and therefore reduced disease-induced mortality. Therefore, our novel insight

is that the release from mortality caused by endemic disease following culling can also lead to a

hydra effect. This has similarities to the hydra effect due to the consumer-resource mechanism

(Abrams (2009) mechanism (iii)) where additional mortality of the consumer leads to a reduction

in mortality for the resource. Our scenario is different in that it occurs within a single species.

Our key finding is that mortality due to culling in systems that harbor virulent infections

may be compensated by reductions in disease-induced mortality. We have also demonstrated

that it is important to fully understand the infection processes and to model the specific system

before using culling as a disease management tool (Beeton and McCallum 2011). Given the
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ubiquity of disease and the importance of harvested populations for food security the novel

compensatory mechanism we have identified may help to provide sustainable management of

these populations.
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Appendix A: Supplementary Information and Figures

A1 System steady states and restrictions

We derive expressions for the parameter q and transmission function θ(I, N) for the full model

system (main paper equations (1-3)) by setting the endemic steady state for the total population,

N = Ne, and the endemic level of infecteds as Ie = piNe where pi is the initial endemic prevalence

of infecteds. This gives the endemic steady states of the system as:

Ie = piNe (A1)

Se = (1− ζ pi)Ne (A2)

Re = (ζ − 1)piNe (A3)

where ζ =
d + η + γ

d + η
. (A4)

The transmission function θ(I, N) is then derived as:

DD transmission : θ(I, N) =
(d + α + γ)

Ne (1− ζ pi)
I (A5)

FD transmission : θ(I, N) =
(d + α + γ)

(1− ζ pi)

I
N

. (A6)

We also determine an expression for q, the parameter that controls density dependent birth,

which is dependent on the constants set for Ne and pi:

q =
b− d− αpi

bNe
. (A7)

Given that for valid solutions we must have q ≥ 0 and 0 ≤ pi ≤ 1, we therefore have a require-

ment on the system parameters for valid solutions:

0 ≤ pi <
(b− d)

α
(A8)

noting that to achieve a non-zero populated steady state in the system we must also have b > d.

Further to these restrictions, to ensure a positive endemic steady state for the susceptible class
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and a positive transmission function, the initial endemic prevalence pi is also governed by:

0 ≤ pi <
d + η

d + γ + η
. (A9)

A2 Continuous culling

In the main paper we have presented results for compensatory growth as a response to discrete

culling events. We now consider the same model with continuous culling which approximates the

average behaviour of the model with discrete culling. The model with continuous culling allows

us to determine conditions for the endemic steady state. We modify main paper equations (1-3)

to include continuous culling controlled by the parameters cS, cI and cR for culling susceptibles,

infecteds and recovereds respectively:

dS
dt

= Nb(N)− dS− θ(I, N)S− cSS + ηR (A10)

dI
dt

= θ(I, N)S− dI − αI − γI − cI I (A11)

dR
dt

= γI − dR− cRR− ηR. (A12)

Note we have replaced the explicit term for the birth rate with the more general term b(N). The

demographic effects only model (equation (6)) is modified to include the same rate of continuous

culling as follows:

dN
dt

= Nb(N)− dN − αpiN − cdemN (A13)

where cdem = cS (1− ζ pi) + cI pi + cR(ζ − 1)pi. (A14)

The disease effects only model (equations (8), (2) & (3)) is modified to include continuous culling

by replacing equation (A10) with the following equation in which the birth rate remains constant:

dS
dt

= Nb(Ne)− dS− θ(I, N)S− cSS + ηR. (A15)

We restrict the birth function b(N) to be a strictly monotonically decreasing function on the

interval 0 ≤ N ≤ K where K is the disease-free steady state for the population (pi = 0) such
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that b(K) = d. Furthermore we restrict b(N) to be differentiable on 0 ≤ N ≤ K so that

db(N)

dN
< 0 (A16)

on 0 < N < K. Also, we define the endemic steady state without culling to be Ne such that

0 ≤ Ne ≤ K. From equation (A13) we know that

b(Ne) = d + αpi. (A17)

We consider steady states for these models under indiscriminate culling (cS = cI = cR = c). We

want to compare the endemic steady state Ne with the steady states for: the demographic effects

only model (equation (A13)), Ndem; the disease effects only model (equations (A15), (A11) &

(A12)) for DD transmission, Ndis; and the full model (equations (A10-A12)) for DD transmission,

NDD and FD transmission, NFD. Note that for c = 0 all these steady states are all equal to Ne. We

wish to compare the steady states in response to culling (c > 0).

A2.1 Steady state condition for the demographic effects only model

From equation (A13) we see that for c > 0 then

b(Ndem) = d + αpi + c > b(Ne) = d + αpi. (A18)

Since b(N) is a strictly monotonically decreasing function then if b(Ndem) > b(Ne) it implies that

Ndem < Ne.

A2.2 Steady states for continuous culling with DD transmission

Under DD transmission the steady states for the full DD model and the disease effects only

model are:

NDD = Ne [1− ζ pi]

[
1 +

c
d + α + γ

] [
α

α + ξ(d + c)− ξb(NDD)

]
(A19)

Ndis = Ne [1− ζ pi]

[
1 +

c
d + α + γ

] [
α

α + ξ(d + c)− ξb(Ne)

]
(A20)

where ξ =
d + η + c + γ

d + η + c
, ζ =

d + η + γ

d + η
. (A21)
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From A9 we know that 1− ζ pi > 0. We assume that α + ξ(d + c)− ξb(N) > 0 for N = Ne and

N = NDD.

A2.2.1 NDD and Ndis decrease as γ increases

Rearranging A19 we find that

b(NDD) = d + αpi + c− α

ξ

[
Ne

NDD

(d + α + γ + c)
(d + α + γ)

(1− ζ pi)− (1− ξ pi)

]
. (A22)

We can differentiate A22 with respect to γ and following some algebra it can be shown that

dNDD

dγ
< 0 (A23)

and therefore NDD decreases as γ increases for all valid parameters.

Using a similar process on equation (A20) where b(N) = b(Ne), which is constant and inde-

pendent of γ, it follows that
dNdis

dγ
< 0 (A24)

and so Ndis decreases as γ increases for all valid parameters.

A2.2.2 The relationship between NDD and Ne

First we consider the relationship between NDD and Ne. Let us assume that NDD > Ne then from

equation (A19)

[1− ζ pi]

[
1 +

c
d + α + γ

] [
α

α + ξ(d + c)− ξb(NDD)

]
> 1. (A25)

Rearranging equation (A25) we find:

b(NDD) > (A26)

d + αpi + c
[
(d + η + c)((d + αpi)(d + η) + γ(d + αpi + η)) + γ(d + α + γ)(d + αpi + η)

(d + η)(d + α + γ)(d + γ + η + c)

]
(A27)

and using equation (A17), for the inequality equation (A27) to hold requires that b(NDD) > b(Ne)

which contradicts NDD > Ne for c > 0. Therefore NDD < Ne for c > 0.
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A2.2.3 The relationship between NDD and Ndis

From section A2.2.2 as NDD < Ne we infer that b(NDD) > b(Ne) for c > 0. Therefore for all c > 0,[
α

α + ξ(d + c)− ξb(NDD)

]
>

[
α

α + ξ(d + c)− ξb(Ne)

]
(A28)

and so from equation (A19) and equation (A20) NDD > Ndis for all c > 0.

A2.2.4 The relationship between NDD and Ndem

By definition, NDD equals Ndem when

b(NDD) = b(Ndem) = d + αpi + c. (A29)

Using equation (A22) and equation (A29) we can show that NDD = Ndem when,

Ndem = NDD = Ne
(d + α + γ + c)
(d + α + γ)

(1− ζ pi)

(1− ξ pi)
. (A30)

As b(Ndem) > b(Ne) for c > 0 it follows that Ndem < Ne for c > 0, and therefore

(d + α + γ + c)
(d + α + γ)

(1− ζ pi)

(1− ξ pi)
< 1 (A31)

which is only valid for γ > γdem0 > 0 where

γdem0 =
1

2pi

[
−pi(d + η + c + d + α) +

√
p2

i (d + η + c + d + α)2 + 4pi(1− pi)(d + η)(d + η + c)
]

(A32)

so that equation (A31) does not hold for γ = 0, and so b(NDD|γ=0) cannot equal d + αpi + c for

c > 0. From section A2.2.1 we know that b(NDD) increases as γ increases, therefore b(Ndem) >

b(NDD|γ=0) > b(Ne) and so Ndem < NDD|γ=0 < Ne. It follows that NDD = Ndem if γ = γdem

(where γdem is the solution to equation (A30)) and γdem > γdem0. From section A18 we see

that Ndem is constant with respect to changes to γ and from section A2.2.1 we know that NDD

decreases as γ increases. Therefore NDD > Ndem for γ < γdem and NDD < Ndem for γ > γdem.
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A2.2.5 The relationship between Ndis and Ndem

We know from A2.2.3 that Ndis < NDD for c > 0, and therefore from A2.2.4 for sufficiently large

γ (γ > γdem) we know that Ndis < NDD < Ndem. We want to show that for sufficiently small γ

that Ndis > Ndem. This can be shown as follows. We know that,

Ndis
∣∣
γ=0 = Ne [1− pi]

[
1 +

c
d + α

] [
α

α(1− pi) + c

]
. (A33)

Proving the relationship between Ndem and Ndis when γ is small is algebraically complex. How-

ever, substituting NDD = Ndis
∣∣
γ=0 into equation (A22) we find

b(Ndis|γ=0) = d + αpi + c + c
f (γ)
g(γ)

(A34)

where g(γ) > 0 for all valid parameters, and f (γ) is a quadratic function. Moreover, f (0)/g(0) =

−1 and f (γ) is a positive parabola. We refer to the positive root of f (γ) as γdis0 and this must

be the value of γ in equation (A34) such that Ndem = Ndis|γ=0. (Note that γdis0 > 0 as NDD|γ=0 >

Ndis|γ=0). However, as γdem0 > 0 and we can confirm that f (γdem0) > 0 it implies that γdis0 <

γdem0 < γdem and therefore γdis0 does not satisfy equation (A31). Now, as NDD is a decreasing

function in γ, it must be that for γ < γdis0 then b(Ndis|γ=0) < b(Ndem) and so Ndis|γ=0 > Ndem.

It follows that as NDD > Ndis and as Ndis decreases as γ increases, then there exists a threshold

γdis < γdem such that when γ < γdis then Ndis > Ndem. Therefore for sufficiently low levels of

recovery Ndis > Ndem.

A2.3 Steady states for continuous culling with FD transmission

Under FD transmission the steady state, NFD, for the full model satisfies

b(NFD) = d + αpi + c
[
(d + η)(d + η + c)(d + αpi) + γ(d + αpi + η) [(d + η + c) + (d + α + γ)]

(d + η)(d + γ + η + c)(d + α + γ)

]
.

(A35)
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A2.3.1 The relationship between NFD and Ne

From equation (A35) and using equation (A17), when γ = 0 then

b(NFD) = d + αpi +
c(d + αpi)

d + α
> b(Ne). (A36)

Hence for γ = 0 we find that Ne > NFD. Further, equation (A35) shows that b(NFD) increases as

γ increases and so Ne > NFD for all γ ≥ 0.

A2.3.2 The relationship between NFD and Ndem

We know that NFD > Ndem if b(NFD) < b(Ndem) and using equation (A18) and equation (A35)

this requires that

(d + η)(d + η + c)(d + αpi) + γ(d + αpi + η) [(d + η + c) + (d + α + γ)]

(d + η)(d + γ + η + c)(d + α + γ)
< 1 (A37)

when γ = 0 this requires that (d + αpi)/(d + α) < 1 which is true.

For sufficiently large γ and sufficiently small η satisfying the same condition as NDD < Ndem

in equation (A32) the inequality in equation (A37) can fail and therefore Ndem > NFD.

A2.4 Conclusion: the relationships between Ne, NDD, NFD, Ndem and Ndis

Gathering the results from this section, we can say that for diseases with no or short-lived im-

munity (little or no recovery or high loss of immunity)

Ne > NDD > Ndis > Ndem (A38)

Ne > NFD > Ndem (A39)

and for diseases with long-lived immunity (sufficiently high rate of recovery and low loss of

immunity),

Ne > Ndem > NDD > Ndis (A40)

Ne > Ndem > NFD. (A41)
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A2.5 Indiscriminate continuous culling results for b(N) = b(1− qN)

We present results for the continuous model using the same birth function (b(N) = b(1− qN))

as used for the discrete culling results presented in the main paper. We derive the continuous

culling rate, c, by equating the steady state for the continuous demographic effects only model,

equation (A13) with indiscriminate culling, to the average population density between culling

events of the demographic effects only model, equation (6), which has reached a steady state

under an annual cull of δ% each year:

b− d− αpi − c
bq

=
1
bq

ln
[
(1− δ)

expb−d−αpi −1
1− exp−(b−d−αpi)

]
(A42)

⇒ c = ln
[

1
1− δ

]
. (A43)

Figures A1a(i) and A1b(i) show the analogous results to those with discrete culling in the main

paper (figures 1a(ii) and 1b(ii)). Also, figure A2 shows the analogous results to those with discrete

culling (see main paper figure 3 and figure 4). Additionally, for SI models, in figures A3(i) and

A3(ii), for DD and FD transmission respectively, we plot the average total population density

over the regrowth period following each culling event, illustrating our point that the popula-

tion density represented by the continuous cull is in close agreement with the average density

of the discrete cull. This is again illustrated in figure A4, for different levels of culling, show-

ing the resultant total population density after discrete culling (figure A4a), the average total

population density (figure A4b), and the continuous culling steady state (figure A4c) showing

again that the resultant average population density is in close agreement with the continuous

culling steady state. In all the continuous culling results the population is harvested at con-

tinuous rate c = log (1/(1− 0.25)) to achieve a similar rate of a discrete cull of 25% of the

population. For the SI model and DD transmission there is minimal compensation due to demo-

graphic effects with the majority of compensatory growth due to the change in disease dynamics

(figures A2a(i) & A2b(i)). For FD transmission, the compensation due to the change in disease

dynamics is less than for DD transmission (figures A2c(i) & A2d(i)). For the SIR model there is
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qualitatively the same level of negative disease compensation as that shown for discrete culling,

and a similar level of positive compensatory growth due to demographic effects. Note that results

have been plotted here up until the point that the disease endemic steady state becomes invalid

(c = αpi), ie. where culling has eradicated the disease. The results for the specific birth func-

tion comply with the general results outlined in section A2 and indicate that for indiscriminate

culling the findings for discrete and continuous culling are qualitatively similar.

A3 Free living transmission

When we consider free-living infection dynamics we assume that the free-living parasite F is

excreted at a constant rate λ by infected individuals and has a decay rate µ. Susceptibles be-

come infected through contact with the free-living parasite such that each susceptible is equally

exposed and infection occurs with transmission rate function θF(F). We incorporate this new

class into our SI framework (main paper equations (1-3) with γ = 0), and normalize to achieve

the endemic steady state Ne for a particular disease prevalence pi, such that q takes the same

value as the SI model. For this FL model we obtain the following system of ordinary differential

equations:

dS
dt

= bN(1− qN)− dS− θF(F)S (A44)

dI
dt

= θF(F)S− dI − αI (A45)

dF
dt

= λI − µF (A46)

θF(F) =
µ

λ

(d + α)

Ne (1− pi)
F. (A47)

Figure A5 shows that culling populations suffering disease transmitted by free-living particles

(equations (A44-A46)) generates a similar compensatory response as seen for DD transmission

(figure 1ii). In particular, figure A5c and main paper figure 3b(i) for FL and DD transmission

respectively demonstrate that this response is qualitatively similar for all levels of culling.
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A4 The impact of targeted culling of infecteds

The results in the main paper focus on indiscriminate culling based on the assumption that

identifying infected individuals for a targeted cull is not practicable in most settings. Here we

investigate the effect on compensatory growth when only infecteds are targeted for culling. In

particular in the continuous model (equations (A10-A12)) we set cI > 0, cS = cR = 0.

A4.1 Continuous targeted infected culling steady states

In a similar fashion to section A2 we derive steady state solutions for continuous targeted infect-

eds culling (equations (A10-A12)) with cI > 0, cS = cR = 0) to derive conditions when targeted

culling induces over-compensation in the total population.

A4.1.1 Steady states for continuous targeted infected culling with DD transmission

Under DD transmission the steady state, NT
DD, for the full DD model is:

NT
DD = Ne [1− ζ pi]

[
1 +

cI

d + α + γ

] [
α + cI

α + cI + ζd− ζb
(

NT
DD
)] (A48)

where ζ =
d + η + γ

d + η
. (A49)

Rearranging, we find that for the condition NT
DD > Ne to hold then the following condition on

the birth function must also hold:

b
(

NT
DD

)
< d + αpi +

cI

ζ(d + α + γ)
[ζ pi(d + α + γ)− (α + cI)(1− ζ pi)] . (A50)

By definition if NT
DD > Ne then b

(
NT

DD
)
< b(Ne), therefore for targeted infected culling to induce

a rise in population density the culling rate must satisfy the following threshold:

cI >
ζ pi(d + α + γ)− α(1− ζ pi)

1− ζ pi
. (A51)

Note that this threshold may be < 0 implying that any level of targeted culling will result in an

increase in population above the endemic steady state. Also, as γ grows, this culling threshold
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grows, ameliorated by the rate of loss of immunity η so that for a sufficiently low rate of recovery

or high loss of immunity, targeted culling will result in an increase in population density.

A4.1.2 Steady states for continuous targeted infected culling with FD transmission

Under FD transmission the steady state, NT
FD, for the full model satisfies:

b
(

NT
FD

)
= d + αpi +

cI

ζ(d + α + γ)
[ζ pi(d + α + γ)− (1− ζ pi)(α + cI)] . (A52)

For the condition NT
FD > Ne to hold, we must have b

(
NT

FD
)
< b(Ne), and therefore the level of

targeted culling must satisfy:

cI >
ζ pi(d + α + γ)− α(1− ζ pi)

1− ζ pi
(A53)

the same condition as for DD transmission (equation (A51)). Therefore targeted infected culling

under FD transmission will induce a rise in population density under the same model conditions

as DD transmission.

A4.1.3 The relationship between NT
DD and NT

FD

We can further examine the relationship between NT
DD and NT

FD. Rearranging equation (A48) and

from equation (A52) we find that:

b
(

NT
DD

)
− b

(
NT

FD

)
=

[
1− Ne

NT
DD

]
(α + cI)(1− ζ pi)(d + α + γ + cI)

ζ(d + α + γ)
. (A54)

From equation (A54) we see that when NT
DD > Ne (for the appropriate level of cI specified

by equations (A51) and (A53)) then b
(

NT
DD
)
− b

(
NT

FD
)
> 0 and therefore for sufficiently large

targeted infected culling (which is more likely when there is low recovery to immunity or high

loss of immunity), NT
FD > NT

DD. When NT
DD < Ne (when cI does not satisfy the threshold

specified by equations (A51) and (A53)) then b
(

NT
DD
)
− b

(
NT

FD
)
< 0 and therefore when targeted

culling is sufficiently low, or there is sufficiently high recovery to immunity and sufficiently low

loss of immunity, NT
FD < NT

DD.
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A4.1.4 Conclusion, the relationships between NT
DD, NT

FD and Ne

In summary, for diseases with no or short-lived immunity and a sufficient level of targeted

infected culling

NT
FD > NT

DD > Ne (A55)

and so continuous culling can lead to an increase in population density.

A4.2 Targeted infected continuous culling results for b(N) = b(1− qN)

For illustration, we present results for the discrete and continuous model using the same birth

function (b(N) = b(1− qN)) as used for the discrete culling results presented in the main paper.

Figures A6 and A7 show the population response for discrete targeted culling for both SI and

SIR models with DD and FD transmission. Note the same culling rate is used in indiscriminate

culling and targeted culling, so that the culling effort is the same however there are a greater

number of individuals culled during indiscriminate culling. Also, for discrete targeted culling,

we also modify the rate of culling in the demographic effects only model to be multiplied by pi to

remove the equivalent number of infecteds at the endemic steady state. For the SI model targeting

infecteds only for DD transmission leads to compensatory growth (figure A6a(i) & figure A7a(i)),

but the compensatory effect is lower than with indiscriminate culling. For FD transmission

(figure A6b(i) & figure A7b(i)), culling infecteds causes a greater release from disease-induced

mortality as this causes a greater reduction in the force of infection. This leads to increased com-

pensatory growth and a greater reduction in disease prevalence than for indiscriminate culling

(figure A6c(i) black line).

For the SIR model, targeting infecteds brings no resultant compensatory growth for dis-

crete culling (figures A7a(ii) & A7b(ii)), but also does not cause large population depletion (fig-

ure A6a(ii) & A6b(ii)) as with indiscriminate culling. This is the same for both DD transmission

and FD transmission. This is because targeted culling does not deplete the level of recovered and

immune individuals in the population.
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In the continuous model with targeted culling (cI > 0, cS = cR = 0) the steady states can be

determined analytically. For DD transmission these are

ST
DD =

d + α + γ + cI

β
where β =

d + α + γ

Ne

(
1− pi

d+γ
d

) (A56)

NT
DD =

d
2bq(γ + d)

[
b

d + γ

d
− d− α− γ− cI+ (A57)√(

b
d + γ

d
− d− α− γ− cI

)2

+ 4bqST
DD

γ + d
d

(α + cI)

]
. (A58)

The total population steady state for the demographic effects only model is:

NT
dem =

b− d− αpi − picI

bq
. (A59)

The steady state for the disease effects only model is:

ST
dis =

d + α + γ + cI

β
where β =

d + α + γ

Ne

(
1− pi

d+γ
d

) (A60)

NT
dis = ST

dis
d(α + cI)

d(d + α + γ + cI)− (γ + d)b(1− qNe)
. (A61)

For FD transmission and targeted culling the steady state is:

ST
FD =

(d + α + γ + cI)
2

bqβ2

[
bβ

d + α + γ + cI
+

d
d + γ

(α + cI − β)

]
(A62)

NT
FD =

β

(d + α + γ + cI)
ST

FD where β =
d + α + γ(
1− pi

d+γ
d

) . (A63)

Figure A8 shows the same set of results for the total population steady states as figure A2 with

targeted culling of infecteds. For the SI model as the culling rate of infecteds increases, compensa-

tion due to the change in disease dynamics also increases under DD transmission (figures A8a(i)

& A8b(i)) and to a greater extent under FD transmission (figures A8c(i) & A8d(i)). For DD trans-

mission we again note that disease effects drive the majority of the compensation in response to

culling. For the SIR model for DD transmission (figures A8a(ii) & A8b(ii)) both the full model

and the demographic effects only model show no change in steady state density as the targeted
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culling of infecteds grows, however the disease effects only steady population density reduces

as targeted culling of infecteds grows. For FD transmission (figures A8c(ii) & A8d(ii)) there is

no compensatory growth due to disease dynamics. We note that in our illustrative results we

set parameters α = 4, d = 0.5, pi = 0.1, cI = 0.25, η = 0 and γ = 0 or γ = 4 for SI or SIR

models respectively. The threshold specified in equation (A51) is therefore cI > 0 for SI models

and cI > 72.5 for SIR models and therefore predict that there will be over-compensation for the

SI results and not for the SIR results as shown in the figures. The results for continuous targeted

culling confirm the results for targeted culling in the discrete model (figure A7).

A5 Density dependent mortality

Our system formulation (main paper equations (1-3)) models the population growth function

with density dependent birth. To examine whether density dependent death impacts the com-

pensatory growth effect that we present in the main paper we also consider results for a similarly

formulated system that includes density dependent death. We modify equations (1-3) to include

non-negative parameters qb and qd which control the levels of density dependent birth and death

(notably a positive qd indicating a level of density dependent death):

dS
dt

= b(1− qbN)N − d(1 + qdN)S− θD(I, N)S (A64)

dI
dt

= θD(I, N)S− d(1 + qdN)I − αI − γI (A65)

dR
dt

= γI − d(1 + qdN)R. (A66)

Considering the system without recovery (an SI framework), but maintaining the same disease-

free steady state and endemic steady state N = Ne where Ie = piNe and Se = (1− pi)Ne, the

transmission function θD(I, N) is defined for DD and FD transmission as:

DD transmission : θD(I, N) =
(d (1 + qdNe) + α)

Ne (1− pi)
I =

(b (1− qbNe) + (1− pi)α)

Ne (1− pi)
I (A67)

FD transmission : θD(I, N) =
(d (1 + qdNe) + α)

(1− pi)

I
N

=
(b (1− qbNe) + (1− pi)α)

(1− pi)

I
N

. (A68)
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where, to achieve the required steady states, qb and qd must satisfy:

qd =
b− d− αpi − bqbNe

dNe
(A69)

0 ≤ qb ≤
b− d− αpi

bNe
. (A70)

qb and qd are therefore constrained by each others value in this model such that when qb takes val-

ues between 0 to (b− d− αpi)/(bNe), correspondingly qd takes values from (b− d− αpi)/(dNe)

to 0. Thus, when qb = 0 we have a system with only density dependent death, when 0 < qb <

(b− d− αpi)/(bNe) we have a system with both density dependent birth and density depen-

dent death and when qb = (b− d− αpi)/(bNe) then qd = 0 and we recover our original model

formulation with only density dependent birth.

Varying values of qb from 0 to (b− d− αpi)/(bNe) (i.e. from having zero density dependence

on birth and density dependent death only to zero density dependence on death and density

dependent birth only) we examine the effect of the difference between the model that includes

epidemiological dynamics (equations (A64-A66)) and a corresponding demographic effects only

model containing the equivalent density dependent birth and death formulations as follows:

dN
dt

= bN(1− qbN)− d(1 + qdN)N − αpiN. (A71)

Figure A9 shows that culling generates compensatory growth due to disease dynamics regard-

less of the level of density dependent birth relative to density dependent death except in the

singular case where there is density dependent death only under FD transmission. Figure A9a

shows that varying qb has no effect on the resultant population density following culling for DD

transmission. The results reported in the main text therefore hold under DD transmission. Our

results also hold under FD transmission except in the singular case when qb = 0, indicating that

there is density dependent death only.
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A5.1 Why the demographic effects only model remains invariant to changes in

qb

Figure A9a shows that for the demographic effects only model (equation (A71)), the resultant

population density following the culling regime does not vary as qb varies. To explain this we

substitute equation (A69) into the demographic effects only model (equation (A71)) as follows:

dN
dt

= bN(1− qbN)− d(1 + qdN)N − αpiN (A72)

= bN − N2
(

bqb +
b− d− αpi − bqbNe

Ne

)
− dN − αpiN (A73)

= bN − b− d− αpi

Ne
N2 − dN − αpiN (A74)

= bN
(

1− b− d− αpi

bNe
N
)
− dN − αpiN. (A75)

and thus we recover the original demographic effects only model from the main paper (equa-

tion (6)). This shows that the change in population for this new formulation of the demographic

effects model (equation (A71)) does not vary as qb varies and therefore does not exhibit any

change in behaviour from the original demographic effects only model (equation (6)) in response

to culling.

A5.2 Density dependent mortality with FD transmission

To understand why the model with FD transmission and no density dependent birth (qb = 0)

does not show any additional compensatory growth above the demographic effects only model

(equation (A71)) we examine the rate of change of the disease prevalence for equations (A64-A66).

d
dt

(
I
N

)
=

N dI
dt − I dN

dt
N2 (A76)

=
1

N2 [N (θDS− d(1 + qdN)I − αI)− I (b(1− qbN)N − d(1 + qdN)− αI)] (A77)

=
1

N2 [θDSN − αI(N − I)− bNI(1− qbN)] (A78)

=
I

(1− pi)N2

[
−b(I − piN)− bqb(NeS− N2(1− pi))

]
. (A79)
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We see that when qb = 0, an initial condition that satisfies I = piN will give a solution that

does not vary from this initial prevalence. Therefore, as our culling regime starts with an initial

prevalence pi, the prevalence of the disease throughout the culling regime does not change and

therefore culling does not yield any compensatory growth due to reduction in disease mortality.

Therefore the full model matches the demographic effects only model. When qb > 0, we note

that after an initial cull when the disease prevalence is still pi (so that I = piN), the first term

in equation (A79) is zero and the second term is negative indicating that after the initial cull

the prevalence will start to decrease leading to a reduction in disease-induced mortality in the

population, supporting our results in the main paper.

A5.3 Density dependent mortality with DD transmission

Our result in figure A9 for DD transmission shows varying qb does not affect the compensatory

growth response to culling. We explain this by examining the rate of change of the population

density N:

dN
dt

= b(1− qbN)N − d(1 + qdN)N − αI (A80)

= bN − bqbN2 − N
[

b− (b− d) +
N
Ne

(b− d− αpi − bqbNe)

]
− αI (A81)

= N
[
(b− d)− N

Ne (b− d− αpi)

]
− αI (A82)

which shows that the growth in population density is independent of the density dependent

birth and death parameters, qb and qd. Therefore varying qb has no effect on the population

rate of regrowth following a cull. To compare with FD transmission we also examine the rate of
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change of the disease prevalence:

d
dt

(
I
N

)
=

N dI
dt − I dN

dt
N2 (A83)

=
1

N2 [N (θDS− d(1 + qdN)I − αI)− I (b(1− qbN)N − d(1 + qdN)− αI)] (A84)

=
1

N2 [θDSN − αI(N − I)− bNI(1− qbN)] (A85)

=
I

N2

[
(b− bqbNe + α(1− pi))

(1− pi)Ne
SN − α(N − I)− bN + bqbN2

]
(A86)

=
I

N2(1− pi)Ne

[
−bN((1− pi)Ne − S)− (A87)

bqbNeN(S− (1− pi)N)− α(1− pi)S(Ne − N)

]
(A88)

noting in equation (A88), given the maximum value of qb, that the first term is negative whilst S

remains below the endemic susceptible density, the second term is negative whilst the infected

prevalence is lower than the endemic prevalence and the third term is negative when N is below

the total population endemic steady state. From this we can determine that a cull taking the

population below the endemic steady state, and the susceptibles below the endemic susceptible

density must lead to a reduction in disease prevalence, which therefore leads to a reduction in

the proportion of the population suffering disease-induced mortality, supporting our results in

the main paper.

A6 Parameter sensitivity

In figure A10 we undertake a parameter sensitivity analysis to assess the magnitude of the com-

pensatory effect for a range of model parameters in the SI and SIR model framework: the level

of disease-induced mortality α; the initial endemic prevalence pi; and the cull period (the length

of time between each sequential cull event). As intuitively expected for the SI model framework

the compensatory effect (the difference between the dotted lines and solid line in figure A10)

increases as virulence increases (figure A10a(i)) and as the initial disease prevalence, pi, increases

(figure A10b(i)) and as the culling period decreases (the frequency of culling increases) (fig-

ure A10c(i)). For the SIR model with FD transmission the disease induced negative impact of
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culling increases as the virulence and initial infected prevalence increases whereas there is less

change in the impact under DD transmission (figures A10a(ii) & A10b(ii)). The compensatory

effect shows only low sensitivity to changes in the cull period for DD and FD transmission in the

SIR model (figure A10c(ii)).

A7 Wild boar TB model

We introduce a mathematical model that can represent the key processes influencing TB infec-

tion in wild boar in Spain. Our model reflects a single geographical managed estate containing

a homogeneously mixed population covering an area representative of a hunting estate. The

population density of wild boar is separated into different age classes to capture distinct disease

and reproductive characteristics for piglets (aged 0-1 year) P, yearlings (aged 1-2 years) Y, and

adults (aged 2 years+) A. Further, the age-classes are split into susceptible, infected and gener-

alized (super-shedder) classes (subscripts S, I, G, respectively) to reflect the disease status of the

population. The population dynamics of the wild boar TB system are represented by the follow-

ing set of non-linear differential equations (which is an extension of classical disease modelling

frameworks (Anderson and May 1981; Keeling and Rohani 2008):
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dPS

dt
= (bY(YS + YI) + bA(AS + AI) + bG(YG + AG))(1− qN)−mPS − dPPS − βPPSF (A89)

dPI

dt
= βPPSF−mPI − dPPI − εPPI (A90)

dPG

dt
= εPPI −mPG − dPPG − αPG (A91)

dYS

dt
= mPS −mYS − dYYS − βYYSF (A92)

dYI

dt
= βYYSF + mPI −mYI − dYYI − εYYI (A93)

dYG

dt
= εYYI + mPG −mYG − dYYG − αYG (A94)

dAS

dt
= mYS − dA AS − βA ASF (A95)

dAI

dt
= βA ASF + mYI − dA AI − εA AI (A96)

dAG

dt
= εA AI + mYG − dA AG − αAG (A97)

dF
dt

= λ(PG + YG + AG)− µF. (A98)

Here, N represents the total wild boar population. Susceptible and infected yearlings and adults

give birth to susceptible piglets at rates bY and bA respectively. Generalized yearlings and adults

give birth to piglets at rate bG. The total population is regulated through a crowding parameter, q,

that acts to stabilize the total population to a carrying capacity, N = K, in the absence of disease.

Maturity from piglets to yearlings and yearlings to adults occurs at rate m and piglets, yearlings

and adults may die of natural causes at rates dP , dY , dA respectively. Here we assume dP = dY =

dA.

The prime driver for infection in the wild boar TB system is through environmental contact

with free-living MTC particles, with density F. We assume that free-living particles are shed

from generalized wild boar at rate λ and decay at rate µ. Susceptibles may become infected
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through contact with free-living MTC particles with transmission coefficients βP, βY and βA

and infecteds can progress to the generalized class at rates εP, εY and εA for the different age

classes respectively. We assume that individuals in the generalized class suffer an additional

disease-induced mortality at rate α. We assume piglets and yearlings are more susceptible to

MTC infection than adults and so set βP = βY, which we assume to be three times greater

than transmission for adults, βA = 3βY. Similarly we set the rate of progression to generalized

infection for piglets and yearlings to be the same, εP = εY, and three times the rate for adults,

εY = 3εA. In this way we have set the model so that the yearling class is the same as the piglet

class in terms of disease characteristics, but the yearling class is the same as the adult class in

terms of reproductive processes.

A7.1 Wild boar TB model parameters

We set the model parameters to be representative of the wild boar TB system in Central Spain

(Dı́ez-Delgado et al. 2018). The parameters are as follows:

bY = bA = bG = log(4) The population birth rate in a disease-free population when resources are

unlimited. This constant rate means that for each reproductive member of the population,

3 piglets will be born, averaged over the population over a year. (This has been derived

by assuming that there is a 50% sex ratio and that each female produces an average of 6

offspring per year when resources are not limited.) Units: year−1.

K = 500 The carrying capacity for the total population in the target area in the absence of disease.

Units: population× area−1.

q = (1− dA(dP + m)(dY + m)/(m (bAm + bYdA))) /K This parameter limits the total population

to the carrying capacity K in the populated disease-free steady state, and is derived from

steady-state analysis of the model without infection. Units: density−1.

m = 1 The rate that piglets mature to yearlings and yearlings mature to adults. These rates

assume that it takes on average 1 year to enter the next age class. Units: year−1.
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dP = dY = dA = 1/7 The natural death rate of all classes which implies an average life ex-

pectancy of 7 years. Units: year−1.

βP = βY = cββA = 20/K The infection rates are fitted to give prevalence levels observed in the

wild boar TB system in central Spain. We assume that cβ = 3 and so disease transmission

to piglets and yearlings is three times that of the adult rate under the assumption that

transmission is higher for piglets and yearlings than it is for adults. Units: density−1 ×

year−1.

εP = εY = 2 The rate that infected piglets and yearlings become generalized. This assumes that

it takes on average 6 months for an infected piglet or yearling to progress to the generalized

class. Units: year−1.

εA = 2/3 This is the rate that infectious adults become generalized. This assumes that it takes on

average 18 months for an infected adult to progress to the generalized class. Units: year−1.

α = 1 This is the additional disease induced death rate of the generalized class and assumes that

on average individuals spend 1 year in the generalized class before death. Units: year−1.

λ = 1 The rate of shedding of infectious particles by generalized classes. We normalize this value

to 1. This is valid as we have explored a range of values for βP, βY and βA which scale with

the size of λ and the density of free-particles, F. Units: year−1.

µ = 6 This is the decay rate for free-living particles, indicating that they have an average life

expectancy of 2 months. Units: year−1.
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presence of Mycobacterium tuberculosis complex in aggregation points at the wildlife/livestock

interface. Transboundary and emerging diseases 64(4):1148–58.

Barlow, N. 1996. The ecology of wildlife disease control: simple models revisited. Journal of

Applied Ecology 33:303–314.

Beeton, N., and H. McCallum. 2011. Models predict that culling is not a feasible strategy to

prevent extinction of Tasmanian devils from facial tumour disease. Journal of Applied Ecology

48:1315–1323.

44



Boadella, M., J. Vicente, F. Ruiz-Fons, J. de la Fuente, and C. Gortázar. 2012. Effects of culling
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Figure 1: The population density and infected prevalence (I/N) response to culling for equa-

tions (1-3). (i),(ii) show results for the SI model, (iii),(iv) show results for the SIR model. Results

are shown for a 10% cull (i,iii) and a 25% cull (ii,iv). (a) shows DD transmission and (b) FD trans-

mission. (a) and (b) show the total density of susceptibles (green); the total density of infected

(magenta); the total density of recovered/immune (orange); and the total populations density

(blue for DD (a), black for FD (b)). (c) shows the disease prevalence for DD (blue) and FD (black)

transmission. Results are shown for a virulent infection, α = 4, and with an initial endemic

disease prevalence of pi = 10%. Other parameters are: b = 1.6, d = 0.5; for (i) and (ii) γ = 0; and

(iii),(iv) γ = 4.
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Figure 2: The population density response to repeated culling of 25% of the population for

the SI model for (a) DD and (b) FD transmission. The figures show a population trajectory

(solid black line) over the 30 cull events, with values immediately prior to and after the first

cull highlighted with blue circles and before and after the 30th cull with magenta circles. In

(i) the population trajectory is shown in phase space with the red lines showing the boundary

between regions where I is decreasing and increasing; and the green lines show the boundary

where S is decreasing and increasing (as indicated by the flux arrows in the figures). In (ii) the

population trajectory is superimposed over the force of infection θ(I, N) with the colour changing

from dark blue to dark red as the force of infection increases. Results are shown for a virulent

infection, α = 4, and with an initial endemic disease prevalence of pi = 10%. Parameters are as

in figures 1a(ii) and 1b(ii) for DD and FD transmission respectively.
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Figure 3: The population density compensatory response to culling for the SI model. (a) the

population density response to repeated culling of 25% of the population for the full model,

equations (1-3), under SI (γ = 0) dynamics for (i) DD transmission (blue) and (ii) FD transmission

(black) and for the demographic effects only model (dotted). (b) the resultant population density

at the end of sequential cull and subsequent regrowth periods for different levels of culling for

the full model with (i) DD transmission (blue) and (ii) FD transmission (black), the demographic

effects only model (dotted) and in b(i) the disease effects only model (red). Note this (red)

line is only valid for culling levels less than 30% with higher culling levels leading to disease

and population extinction. The difference between the solid blue and the dotted line (b(i)) and

the difference between the solid black line and the dotted line (b(ii)) represent the amount of

compensation due to the disease effects and in (b(i)) the difference between the red line and the

blue line represents the compensation due to demographic effects. (c) plot of virulence against

the level of culling required to eradicate the infection (solid line) and the population (dashed line)

as well as the level of culling to eradicate the population in the demographic effects only model

(dotted line) for (i) DD transmission and (ii) FD transmission. Results are shown for a virulent

infection, α = 4, (except in (c) where α varies) and with an initial endemic disease prevalence of

pi = 10%. Other parameters are as in figure 1.
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Figure 4: The population density compensatory response to culling for the SIR model. (a) the

population density response to repeated culling of 25% of the population for the full model,

equations (1-3), under SIR (γ = 4) dynamics for (i) DD transmission (blue) and (ii) FD trans-

mission (black), for the demographic effects only model (dotted) and for the disease effects only

model (red). Here the presence of the disease leads to a lower population in response to culling.

(b) the resultant population density at the end of sequential cull and subsequent regrowth pe-

riods for different levels of culling the full model with (i) DD transmission (blue) and (ii) FD

transmission (black), the demographic effects only model (dotted) and the disease effects only

model (red). Note this (red) line is only valid for culling levels less than 30% with higher culling

levels leading to disease and population extinction. The difference between the solid blue and

the dotted line (b(i)) and the difference between the solid black line and the dotted line (b(ii))

represent the amount of compensation due to the disease effects and in (b(i)) the difference be-

tween the red line and the blue line represents the compensation due to demographic effects.

(c) plot of virulence against the level of culling required to eradicate the infection (solid line)

and the population (dashed line) as well as the level of culling to eradicate the population in the

demographic effects only model (dotted line) for (i) DD transmission and (ii) FD transmission.

Results are shown for a virulent infection, α = 4, (except in (c) where α varies) and with an initial

endemic disease prevalence of pi = 10%. Other parameters are as in figure 1.
53



Figure 5: The resultant population density after 30 sequential cull and subsequent regrowth pe-

riods culling 25% of the population for the SIRS model (equations (1-3)) plotted against waning

immunity, η, for different levels of recovery, γ, for (a) DD and (b) FD transmission. The dotted

line represents the resultant population density for the demographic effects only model. The dif-

ference between the solid lines and dotted line represents the positive or negative compensatory

effect due to changes in the disease dynamics. Results are shown for an initial endemic disease

prevalence of pi = 10%. Other parameters are as in figure 1. Truncated results indicate parameter

levels that do not satisfy requirements for valid solutions (equation (A8) & online appendix A,

equation A9).
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Figure 6: Results for the wild boar TB model in response to 30 cull events of 25% for (i) in-

discriminate culling of the yearling and adult population and (ii) targeted culling of generalized

yearlings and adults. The population dynamics over time are shown in (a) for total density (blue);

infected and generalized density (black); infected density (magenta); generalized density (red)

and susceptible density (green). The initial population assumes a TB prevalence, (I+G)/N, of

64% and a generalized prevalence, G/N, of 35%. (b) shows the resultant total population (blue)

and (c) the total prevalence (black) and generalized prevalence (red) after 30 sequential cull and

subsequent regrowth periods for different levels of hunting. The model and its parameters are

outlined in A7.
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Figure A1: The population density response to continuous culling at rate c = log (1/(1− 0.25))

in an SI framework in equations (A10-A12) (here culling is at a similar rate to in the discrete

culling model). The change in population density is shown for the total population density

(blue for DD (a), black for FD (b)); the total density of susceptibles (green); the total density

of infected (magenta) and the demographic effects only model (equation (A13)) with the same

level of continuous culling (black dotted). (a) shows results for DD transmission and (b) shows

results for FD transmission. Results are shown for a virulent infection, α = 4, with no recovery

to immunity (γ = 0), and an initial endemic disease prevalence of pi = 10%. Other parameters

are as main paper, figure 1aii.
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Figure A2: Results for the model with continous indiscriminate culling (equations (A10-A12)

with b(N) = b(1− qN)) for (i) the SI model and (ii) the SIR model. The steady state density

N is shown for DD transmission in (a): for the full model (blue); the disease effects only model

(red); and the demographic only model (black dotted). The steady state density N is shown for

FD transmission in (c) for the full model (black) and demographic only model (black dotted).

Other parameters are as in the main paper, figures 1ii & 1iv for the SI model and the SIR model

respectively.
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Figure A3: The population density response to culling for: (a),(b) a discrete annual cull of 25%

and (c) continuous culling at rate c = log (1/(1− 0.25)) in an SI framework for (i) DD transmis-

sion and (ii) FD transmission. (a) shows the total population density during annual discreate

culling, (b) shows the annual average total population density for the discrete cull, calculated by

trapezium rule for the results obtained numerically over each regrowth period post the culling

event. (c) shows the total population density under continuous culling. Other parameters are as

main paper, figure 1a(ii).
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Figure A4: The population density response to culling for a range of culling levels in a SI

framework for: (a),(b) a discrete annual cull and (c) continuous culling where culling rate

c = log (1/(1− δ)) where δ is the equivalent discrete culling rate for (i) DD transmission and

(ii) FD transmission. The change in population density is shown for the total population density

(blue for DD (i), black for FD (ii)). (a) shows the resultant total population density after discrete

annual culling and (b) shows the annual average total population density for the discrete cull,

calculated by trapezium rule for the results obtained numerically over each regrowth period post

the culling event. (c) shows the steady state total population density for the continuous culling

model. Other parameters are as main paper, figure 1a(ii).
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Figure A5: The population density and infected prevalence (I/N) response to culling in an

SI framework with free-living transmission for equations (A44-A46). (a) shows the change in

total population density (blue); the total density of susceptibles (green); and the total density of

infected(magenta). (b) shows the change in disease prevalence over the cull events. (c) shows

the resultant population density after 30 cull and subsequent regrowth events for different levels

of culling for the free-living model (blue) and the demographic effects only model (equation (6))

(dotted). Results are shown for a virulent infection, α = 4, and an initial endemic disease

prevalence of pi = 10%. Free-living particles are excreted at rate λ = 1 and decay at rate µ = 6.

Other parameters are as main paper, figure 1a(ii).
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Figure A6: The population density and infected prevalence (I/N) response to targeted culling

of 25% of infecteds only for equations (1-3). (i) shows results for the SI model, (ii) shows results

for SIR model and (a) for DD transmission and (b) for FD transmission. Results show the total

population density (blue for DD (a), black for FD (b)); the total density of susceptibles (green);

the total density of infected (magenta); and the total density of recovered/immune (orange). (c)

shows the disease prevalence for DD transmission (blue) and FD transmission (black), noting the

prevalence response to culling is near identical for DD and FD transmission. Parameters are as

in the main paper, figures 1ii & 1iv for the SI model and the SIR model respectively.
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Figure A7: The resultant population density after 30 sequential discrete cull and subsequent

regrowth periods for (i) the SI model and (ii) the SIR model for targeted culling 25% of infecteds

only and an equivalent cull of 0.25× pi in the demographic effects only model (equation (6)). (a)

shows results for DD transmission (blue) and the demographic effects only model (black dotted)

and (b) shows results for FD transmission (black) and the demographic effects only model (black

dotted). Parameters are as in the main paper, figures 1ii & 1iv for the SI model and the SIR model

respectively.
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Figure A8: Results for the model with targeted infected cull level cI for the continuous disease

model (equations (A10-A12)) with b(N) = b(1− qN) for (i) the SI model and (ii) the SIR model.

The steady state density N is shown for DD transmission in (a): for the full model (blue); the

disease effects only model (red); and the demographic only model (black dotted). The steady

state density N is shown for FD transmission in (b) for the full model (black) and demographic

only model (black dotted). Parameters are as in the main paper, figures 1ii & 1iv for the SI model

and the SIR model respectively.
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Figure A9: The resultant population density and infected prevalence (I/N) after 30 sequential

cull and subsequent regrowth periods showing the response to 25% culling in an SI framework

when varying qb in equations (A64-A66). qb runs from qb = 0 representing density dependent

death only to qb = (b− d− αpi)/(bNe) representing density dependent birth only which is equiv-

alent to the original model (SI framework equations (1-3)). (a) shows the resultant population

density and (b) shows the change in infected prevalence as qb varies for DD transmission (blue)

FD transmission (black) and the demographic effects only model (equation (A71)) (black dotted).

Results are shown for a virulent infection, α = 4, and an initial endemic disease prevalence of

pi = 10%. Other parameters are as main paper, figure 1a(ii).
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Figure A10: Parameter sensitivity for main paper equations (1-3). The resultant population den-

sity after 30 sequential cull (of 25% of the population) and subsequent regrowth periods for (i)

the SI and (ii) the SIR model plotted against (a) virulence α, (b) initial endemic prevalence, pi and

(c) cull period (the time between sequential cull events) for DD transmission (blue), FD transmis-

sion (black) and the demographic effects only model (equation (6)) (dotted line). The difference

between the solid lines and dotted line represents the positive or negative compensatory effect

due to changes in the disease dynamics. When not varied in the figures the parameters are α = 4,

pi = 10% and cull period = 1. Other parameters are as in the main paper, figures 1ii & 1iv for the

SI model and the SIR model respectively. Truncated results (bii) indicate parameter levels that

do not obey requirements for valid solutions (equations (A8) & (A9)).
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