








curve gets larger, juveniles are being introduced into the population later in the season.

Similarly, as it gets smaller, juveniles are being introduced into the population earlier in

the season.

Figure 4.10: Varying q and q̂, we see that maximum WNV transmission occurs when
the juvenile recruitment curve is moved later in the season. With the juveniles being
around only at the end of the season, during the season there is a much smaller host
population (adults only) that is receiving all the bites and is therefore amplifying WNV
transmission. All parameters values are as in Table 2.1 with all exposure coefficients
equal to 1.

We found that the outputs of total and peak IV result in the same patterns (see

Figure 4.10), with low WNV transmission occurring when the juveniles are introduced

into the population earlier in the season and high WNV transmission occurring when

the juveniles are introduced into the population later in the season. We also found that

changing the juvenile recruitment curve mean had very little effect on the day of peak

WNV transmission.

When q and q̂ are large, the juveniles are being introduced into the system towards

the end of the season. As a result, for a large majority of the season there is a smaller

host population (consisting of adult hosts only) that is receiving all of the bites, therefore

increasing transmission as a result of an increased bite to bird ratio. When q and q̂ are

smaller this increased bite to bird ratio does not exist as the total host population is

around for the entirety of the season and therefore decreases WNV transmission.
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4.2 Discussion

From our analysis on the effect of varying different parameters in our model with no

preference present, we have found a number of different results.

When examining recovery rate (γ) and infectivity (δ) separately, looking at situation

of differential species values we find that as you increase the recovery rate or infectivity

the intensity of WNV transmission will also increase. However, when looking at varying

these parameters between stages, the juvenile recovery rate and infectivity play little to

no role in the intensity of disease transmission. We also found that when comparing

these two parameters against each other, an increased infectivity more of an indication

of increased WNV transmission than a short recovery rate.

We can also conclude that as host competence increases, the intensity of WNV trans-

mission increases and peak WNV transmission moves earlier in the season. When we

have an increase in stage competence, the juvenile competence plays little role in the

strength of disease transmission or the timing of peak disease transmission, and WNV

transmission is almost solely determined by the competence of the adult host popula-

tion.

Also, increasing the standard deviation of the host juvenile recruitment curves in

one or both species results in increased WNV transmission but has no effect on the

day of peak transmission. As the standard deviation of the juvenile recruitment curve

increases, it spreads the juvenile population out throughout the entire season resulting

in a continuous new supply of susceptible hosts for the mosquitoes to infect.

Finally, we found that when both juvenile populations are not introduced until late

in the season, there is an increase in WNV transmission. This increase occurs as a result

of the decrease in the total host population (no juveniles). A smaller portion of hosts are

receiving an increased number of bites and therefore amplifying disease transmission.
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Chapter 5

A WNV Transmission Model with Two

Host Species Incorporating Vector Biting

Preferences

Since we have considered the effect of differential parameter values on our model with all

preference parameter values at the baseline of ε = ε̂ = 1 and εJ = εA = εĴ = εÂ = 1, we

will now examine the effects of only having different vector feeding preferences with all

other parameters at their respective baselines. When considering heterogeneous vector

feeding preferences, there are a few scenarios that we want to investigate and compare:

different host species feeding preferences, different host stage feeding preferences, a

feeding preference for a stage in the preferred species, and a feeding preference for a

stage in the non-preferred species.

Recall that although we refer to increased biting rates on certain hosts as a vector pref-

erence for those hosts, these hosts may also just be receiving more bites because they are

more readily available (or more exposed). A parameter value of ε = 10 accounts for the

situation where host species 1 is more preferred by the vector and therefore is receiving

10x as many bites as host species 2, while it also accounts for the situation where host
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species 1 is more exposed to the vector, perhaps as a result of nesting characteristics, and

as such is receiving 10x as many bites as host species 2. Similarly, having a parameter

value of εJ = 10 accounts for the situation where juveniles of host species 1 are more pre-

ferred by the vectors and therefore are receiving 10x as many bites as adults, as well as

the situation where juveniles of host species 1 are more exposed to the vectors, perhaps

as a result of low feather covering or weak defensive behavior [3, 11] and are therefore

receiving 10x as many bites as adults.

5.1 Results

First we consider the effect of vector feeding preferences on different host species. Dif-

ferential species preferences often occur in nature; for example, West Nile virus research

indicates a strong vector feeding preference for the American robin (Turdus migratorius)

[23]. When examining the effect of host species preferences, we vary the values of ε and

ε̂ from 1 to 15 (no feeding preference to a very strong feeding preference) and measure

the effects in terms of total and peak IV which are indicators for the intensity of WNV

transmission, as well as the day of peak IV which tells us the timing of peak WNV

transmission. Through simulation, our analysis shows a symmetric relationship about

the diagonal (Figure 5.1), which occurs because the two host populations are otherwise

equal. We also find that the most intense WNV transmission occurs when one host

species does not have a vector feeding preference (ε or ε̂ = 1), and the other host species

is has the maximum vector feeding preference (ε or ε̂ = 15). When one host species has

a strong preference, if the other also has a preference it is only taking bites away from the

more preferred host. As the species’ preferences increase together, strength of disease

transmission stays constant because it is the ratio of ε/ε̂ that determines the preference.

So regardless of the magnitude of exposure coefficients (ε and ε̂), if they are equal for

both species then both species are being bitten at equal rates and it is as though there is
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no vector preference.

Figure 5.1: Increasing the host species preference increases WNV transmission only if
there is a differential species preference. This is because it is the ratio of ε/ε̂ that deter-
mines the preference (if ε = ε̂ there is no preference). All parameters are as in 2.1 with
K = 15000 and stage preference parameters at 1.

We now examine the effect of having a vector feeding preference on a host life stage

(juvenile or adult) while all other parameter values are kept at their respective base-

lines. Differences in biting rates between stages may occur for a number of reasons. It

is likely that the preference (or exposure) parameter values for juveniles will be higher

than adults because juveniles have little feather coverage and are unable to defend them-

selves [3, 8, 22]. Our analysis shows that adult preference alone has little to no effect

on WNV transmission (see Figure 5.2). Once the adult preference gets large enough,

WNV transmission remains constant and at a minimum value, while the timing of peak

WNV transmission also remains constant but at its maximum value (late in the season).

If we keep the adult preference low, as the biting rates on juveniles increase, WNV trans-

mission increases and peak transmission moves earlier in the season correlating closely

with the timing of the increase in juvenile population. If there is a strong juvenile pref-

erence, then before the juveniles are around the mosquitoes are going to be attacking

the susceptible adult mosquitoes resulting in infected adult hosts as well as infected

mosquitoes. By the time the juveniles are introduced into the population, the number of

infectious vectors will be elevated and they will all have a strong feeding preference for

the completely susceptible and very small juvenile population. Since a small portion of

the population will be receiving a majority of the bites, the juveniles will quickly become
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infected and in turn infect a large number of vectors. Once the juveniles have matured

into adults, the mosquitoes will then turn their attention back to the adult population

(many of whom are still susceptible). As a result of this interaction, disease transmission

will increase and the timing of peak disease transmission will move earlier in the season

to correlate closer to the timing of the increase in the juvenile population.

Figure 5.2: Examining the effect of differential stage preference we see that an adult pref-
erence has little to no effect on the timing or intensity of WNV transmission. However,
an increased juvenile preference indicates an increase in disease transmission with the
maximums transmission occurring when there is no adult preference (εA = 1) and a
strong juvenile preference (εJ = 15).

We now examine the effects of the interaction of species preference and stage pref-

erence. When combining a species preference and a stage preference, there are four

possible cases we consider: (1,2) the preferred species has a stage preference (juvenile or

adult), (3,4) or the non-preferred species has a stage preference (juvenile or adult).

By creation of our model, vectors first choose between the two species and then the

two stages. Since the species choice is first, an increased preference for a species means

an increased number of bites on that species. If the preferred species also has a juvenile

preference, then that means an increased biting rate on the juveniles of the preferred

species. As one or both preferences increase, the intensity of WNV transmission in-

creases and the timing of peak transmission decreases (Figure 5.3). Disease transmission

reaches its maximum when both ε and εJ are at their maximum values of 15. When this

occurs host species 1 has a very strong preference. Before the juveniles are around all

bites are going to the adults of host species 1 which results in an increase in IV. Once the
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strongly preferred juveniles are introduced into the community, almost all of the bites on

hosts will be directed to a very small, very susceptible fraction of the population which

causes an increase in WNV transmission and moves the timing earlier in the season to

correspond with the availability of the juvenile population.

Figure 5.3: If the preferred species has a juvenile preference, then as one or both biting
rates increase WNV transmission increases while the timing of peak WNV transmission
moves earlier in the season. In this situation, the two preferences are working together
resulting in an increased number of total and peak IV.

If the preferred species instead has an adult preference then we get different dynam-

ics. The adult preference has little effect on WNV transmission and instead the species

preference is doing a large portion of the work. As we increase the adult preference we

do not see much of a change in intensity of disease transmission, however as we increase

the species preference we will always see an increase in disease transmission, regardless

of the adult stage preference. As we increase the two together, we see an increase WNV

transmission. While the adult preference does not contribute much, the highest WNV

transmission occurs when both the species and stage preferences are at their maximum

values of (ε = εA = 15). Comparing this to the results of a juvenile stage preference for

the preferred species, WNV transmission is decreased when the preferred species has

an adult stage preference. This tells us that when a species preference exists, having

an increased biting rate on juveniles if that species is a mechanism of increased WNV

transmission than having an increased biting rate on adults.

Next we examine the effects of the non-preferred species having a stage preference.

Again by construction species are chosen before stages. If the non-preferred species has
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a stage preference (juvenile or adult), then that preference has little effect on the trans-

mission of WNV because the species with the stage preference is getting very few bites

(Figure 5.4). This is shown in Figure 5.4 because when increasing the species preference

we get similar values regardless of the strength of the stage preference. Looking at cases

when there is a stage preference for the non-preferred species, the species preference

alone will determine the intensity of WNV transmission.

Figure 5.4: When the non-preferred species has a stage preference (juvenile or adult), the
stage preference has little effect on the intensity and timing of WNV transmission. As
the species preference increases, we get the close to the same values, regardless of the
strength of the stage preference.

5.2 Discussion

Through the analysis of the effect of differential species and/or stage preferences (or

exposure) on our model, we have been able to identify different scenarios where ho-

mogeneous vector preference yields maximum WNV transmission, as well as scenarios

where heterogeneous vector preference yields maximum WNV transmission.

When comparing the effects of heterogeneous biting rates on host species 1 and host

species 2, whenever both species have equal preference it is the same as neither species

having any preference regardless of preference strength. Going back to chapter 2 and

the α and α̂ functions (proportion of bites going to species 1 and 2 respectively), anytime

ε and ε̂ are equivalent they will cancel each other out and each species will be bitten in

proportion to its abundance in the population and all hosts will receive the same number
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of bites. Similarly, when we are comparing the effects of preferences on the overall host

stages (juvenile and adult) if we look at our αJ,αĴ,αA,αÂ functions (proportion of bites

going to juveniles of host species 1 and 2, and adults of host species 1 and 2 respectively),

if the preferences for each stage are equal to each other (regardless of their magnitude)

(εJ = εĴ = εA = εÂ) then all the preference terms will cancel each other out and each

stage will be bitten in proportion to its abundance in the population and all hosts will

receive the same number of bites. In these cases we see the maximums occurring with

heterogeneous vector preference. To increase the disease transmission, the preferences

for each stage or each species cannot be equal.

When combining the effects of species preference with stage preference, this is not

the case. In these situations regardless of whether we are looking at stages of the pre-

ferred or non-preferred host species, as we increase both preferences together we are

always increasing the intensity of WNV transmission. When looking at an increased

biting rate for either stage of the preferred host species, the species preference and stage

preference are both contributing to the increase in WNV transmission. Not only is the

species receiving an increased number of bites, but when the preferred stage is around

it is also receiving an increase in bites. This results in the majority of the bites being

concentrated on a small fraction of the population which increases disease transmission.

When looking at a preference for the stages of the non-preferred host species, the stage

preference has very little effect on the intensity of WNV transmission are it is almost

completely dictated by the species preference. Therefore, as the species preference in-

creases so does disease transmission, regardless of the stage preference. In these cases we

see the maximum WNV transmission occurring with homogeneous vector preferences.
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Chapter 6

Comparing the Effect of Unequal Vector

Biting Rates on Host Species Versus

Host Life Stages

In Chapter 4, we discussed the effects of varying certain parameters (infectivity, recov-

ery rate, competence, juvenile recruitment curve standard deviation, and juvenile re-

cruitment curve mean) on our model. In Chapter 5, we discussed the different effects

of incorporating species and/or stage preferences into our model. From the previous

chapter, we know that there is a difference between having a species preference and hav-

ing a stage preference in terms of the intensity and timing of WNV transmission. Our

next step is to combine the two previous chapters and examine the difference between

having a species preference or a stage preference while also varying a second parameter.

Since juvenile preferences often occur in nature due to lack of defense mechanisms, low

feather coverage, inability to leave the nest, etc., we are going to specifically examine the

effect of a species preference against a juvenile stage preference with differential species

parameter values for a single parameter. The parameters that we are going to focus

on varying are competence, standard deviation of juvenile recruitment, and timing of
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juvenile recruitment.

6.1 Results

6.1.1 Comparing the Effect of Species and Stage Preferences on WNV

Transmission for Two Identical Host Populations

Before we can incorporate different host species parameter values, we first want to look

at the base case (all non-preference parameters at their respective baselines) of comparing

a increased species preference (ε = 15) with an increased overall stage preference (εJ =

εĴ = 15). Figure 5.3 shows that having an overall juvenile preference results in a much

larger intensity of disease transmission than a species preference, and with a juvenile

preference the timing of peak disease transmission is much earlier in the season then

with a species preference (Figure 6.1).

We get increased WNV transmission with an increased biting rate on juveniles be-

cause when the juveniles (the preferred host) show up they are receiving an increased

number of bites. The infectious mosquitoes are concentrating their bites on a small,

susceptible portion of the population which results in an increase in disease transmis-

sion. This is also why the timing of peak transmission moves up so early in the season,

because it is directly correlated with the presence of juvenile hosts.

Another thing that occurs with an increased juvenile stage preference that does not

occur with an increased species preference is differential biting rates on infection classes

(see the bottom row of graphs in Figure 6.1). When we have a species preference all

classes get bitten in proportion to their abundance in the overall host population. This

is because there is no preference between the stages of either host species. However,

incorporating a juvenile preference results in differential biting rates on classes because

the juveniles are being bitten at an increased rate when present in the population (Figure
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Figure 6.1: An increased juvenile stage preference of εJ = ε̂ = 15 results in an increased
number of West Nile virus infectious mosquitoes and much earlier peak transmission than
a species preference of ε = 15. The top row shows the abundance of each of the host
stages over the course of the season. The middle row shows the number of infectious
mosquitoes as well as total mosquito abundance throughout the season. The bottom row
shows the percentage of the population in each class (susceptible, infected, recovered)
throughout the season as well the percentage of mosquito bites on birds in each of these
classes. Parameters are as in 2.1 and all other preferences equal to 1 [20].

6.2). Initially, the entire juvenile population is susceptible, so we see susceptible host

begin to receive an increased number of bites relative to their abundance. Once these

juveniles become infected, we see an increase in bites on infected hosts, and once the

juveniles recover from infection, we see an increase in bites on recovered hosts. Finally,

when the juveniles leave the system through death or mature into adults, all hosts are

again bitten in proportion to their abundance in the community.
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Figure 6.2: Distribution of bites to each host class (susceptible, infected, recovered) with
a juvenile preference of εJ = εĴ = 15. During the period of time when the juveniles are
present in the population we get differential biting rates as a result of the strong juvenile
preference. Host species 1 and 2 are both modeled, however because each species are
equally abundant (each make up 50% of the population), their curves are exactly the
same, and so we can only see one of the species curves. All parameters are as in Figure
6.1.

6.1.2 Comparing the Effect of Species and Stage Preferences on WNV

Transmission for Two Host Populations Differing in

Competence

In Chapter 4 our analysis showed that if you increase competence and keep all other

parameter values at their respective baselines, then disease transmission increases while

the timing of peak disease transmission moves earlier in the season. Now, we are going

to examine and compare the consequence of adding a species preference and juvenile

stage preference onto host populations with difference competencies. For species pref-

erence there are two cases that must consider: (1) an increased vector feeding preference

for the more competent species, and (2) an increased vector feeding preference for the

less competent species. We do not have to consider multiple scenarios for an overall

juvenile preference because both species have the juvenile preference.
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Examining the differences between a species preference for the more competent

species and an overall juvenile preference, we find that while the timing of peak trans-

mission is similar the intensity of disease transmission is much smaller with the species

preference (Figure 6.3). Intuitively, if there is a species preference for the less competent

species, this peak will be even smaller (6.3). In fact, we found that when comparing

an increased species preference with an increased juvenile stage preference, the juvenile

stage preference will nearly always result in more intense WNV transmission.

There is only one scenario where this is not true. The only time when a strong

species preference will surpass a strong juvenile stage preference and result in more in-

tense WNV transmission occurs when we increase the competence of the more preferred

host species to its maximum (Figure 6.4). Again, as a result of the highly increased com-

petence levels, we see that in the cases of no preference and juvenile stage preference, by

the end of the season almost 100% of the population is recovered.

Figure 6.3: Examining the difference between species preference (ε = 15) and juvenile
stage preference (εJ = εĴ=15) with differential host competence. The intensity of WNV
transmission is higher with a juvenile stage preference than with a species preference.
Also, in the bottom graph, we see that the combination of a juvenile stage preference and
increased competence results in nearly 100% of the susceptible host population becoming
infected by the end of the season. Competence parameters are set at γ1 =

1
5
,γ2 =

1
3
, δ1 =

0.6, δ2 = 0.36, and all other parameters are as in Figure 6.1.
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Another interesting thing that occurs with an increased competence of one host

species and an overall juvenile preference that doesn’t occur with only a species prefer-

ence, is that by the end of the season almost 100% of the host population is recovered.

This means that the combination of an increased biting rate on juveniles combined with

an increased species competence results in nearly 100% of all susceptible hosts (from

both the preferred stages and non-preferred stages) becoming infected by the end of the

season (bottom graph for juvenile preference in Figure 6.3).

Figure 6.4: The only time when an increased biting rate on one host species can result
in more intense WNV transmission than an increased biting rate on juveniles of both
species occurs when the infectivity and recovery rate of the more preferred species are
increased to their maximum of γ = 1

10
and δ = 1. All other parameter values are as in

Figure 6.3.

6.1.3 Comparing the Effect of Species and Stage Preferences on WNV

Transmission for Two Host Populations Differing in Standard

Deviation of Juvenile Recruitment

Analysis from Chapter 4 showed that increasing the standard deviation of the juvenile

recruitment curve of either host species 1 or host species 2, or both, results in increased
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WNV transmission and has little to no effect on the day of peak transmission. Now we

examine and compare the differences between incorporating a host species preference

and a host juvenile stage preference with different species values of σ and σ̂. When

considering different values of the standard deviation of the juvenile recruitment curve

along with a species preference, there are two cases we consider: (1) the preferred species

has a larger standard deviation of juvenile recruitment, and (2) the preferred species has

a smaller standard deviation of juvenile recruitment.

Figure 6.5: The effect of a host species preference and a host juvenile stage preference
combined with differential standard deviations of the juvenile recruitment curves. The
juvenile stage preference will always result in more intense WNV transmission than
the host stage preference. Also the juvenile preference forces the timing of the peak
infectious mosquito curve to move up in the season to correlate closer with the juvenile
population (middle graph). Host juvenile recruitment standard deviations are set at
σ = 5, σ̂ = 11.4. All other parameters are as in Figure 6.1.

With different values of σ and σ̂, an increased juvenile stage preference will always re-

sult in higher disease transmission than an increased host species preference, regardless

of whether the preferred species has a larger standard deviation or a smaller standard

deviation compared to the non-preferred species (Figure 6.5). Recall that as σ increases

the total juvenile population becomes much more concentrated over a very short pe-

riod of time, while as σ decreases the total juvenile population is less concentrated and

61



spans over an extended period of time. Therefore, if there is any type of juvenile prefer-

ence, having one of the preferred hosts around for a longer period of time will certainly

increase WNV transmission.

6.1.4 Comparing the Effect of Species and Stage Preferences on WNV

Transmission for Two Host Populations Differing in Timing of

Juvenile Recruitment

The analysis conducted in Chapter 4 revealed that increased WNV transmission occurs

when the juveniles of both species are introduced into the host population late in the

season (large q and q̂). When considering different values of the timing of juvenile re-

cruitment along with a species preference, there are again two scenarios that we account

for: (1) the preferred species has a later juvenile recruitment in the season, and (2) the

preferred species has an earlier juvenile recruitment in the season.

Figure 6.6: The effect of a host species preference and a host juvenile stage preference on
differential mean juvenile recruitment curve values. The juvenile stage preference results
in a larger number of peak IV than the host species preference because offsetting the
juvenile recruitment curves offsets the two host juvenile populations, which means the
preferred host is going to be around longer during the season. Host juvenile recruitment
curve means are set at q = 138, q̂ = 158.17. All other parameters are as in Figure 6.1.
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In both situations the juvenile stage preference results in a more increased disease

transmission than having a host species preference (Figure 6.6). Recall that the juvenile

recruitment curve mean moves the timing of the juvenile presence in the host popula-

tion. If the juvenile population curves are offset, then it results in juveniles being around

longer during the season. With the preferred host population around for a larger por-

tion of the season and receiving an increased number of bites, we will see a significant

increase in the intensity of WNV transmission.

6.2 Discussion

In this chapter, we explored and compared the differences between an increased host

juvenile stage preference and an increased host species preference while also varying a

second parameter. Aside from the preferences, the parameters we focused on were com-

petence, juvenile recruitment curve standard deviation, and juvenile recruitment curve

mean. In almost all cases, a strong juvenile stage preference resulted in a more increased

disease transmission than a strong species preference. This is interesting because the

juveniles are only around for a very short period of time during the season before they

mature or leave the system through death, yet may play a major role in amplifying the

disease risk for vectors and other hosts.

The one case where a host species preference can result in a more increased disease

transmission occurs when we increase the competence of the preferred species to its

maximum of γ = 1
10

and δ = 1. Even in this case there is not a large difference between

the intensity of disease transmission.

We also found that incorporating a juvenile preference results in differential biting

rates on host stages. When this occurs, hosts are not bitten with respect to their abun-

dance in the community (which is different than what happens with a species or no

preference). Hosts are no longer being bitten in proportion to their population because
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there is such a strong juvenile stage preference that they are receiving a large quantity

of bites from vectors in all juvenile classes (susceptible, infected, recovered) but only

making up a small proportion of the host population.
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Chapter 7

The Effect of Host Community

Composition on WNV Transmission

Community composition is very important in determining the disease risk of an area

for vector borne diseases [9, 19]. It has been shown that when a second host with low

competence is present in the population, it will receive bites otherwise allocated to the

more competent host and will ”dilute” the disease risk; this is referred to as the dilution

effect [19, 21]. Using this logic, as the less competent host becomes more abundant in the

host population, the dilution effect increases and the disease risk decreases. Similarly, as

the more competent host becomes more abundant in the host population, the dilution

effect decreases and the disease risk increases. Maximum disease risk would therefore

be obtained when the population is composed of solely the more competent species.

Many studies have questioned the universality of the dilution effect [4, 18, 23]. Re-

cently, Miller and Huppert created a dual host model (with no stage-structure) and ex-

plored how a combination of host diversity, host competence, and vector preference can

affect the disease risk of an area. They discuss a new mechanism which they dubbed

”diversity amplification”, where under certain circumstances the presence of multiple

hosts can actually increase the disease risk (as measured by the basic reproduction num-
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ber, R0) [19]. This is important because between dilution and diversity amplification,

they are able to account for the conflicting patterns that occur in nature.

In this chapter we examine the effect of changing host abundance in our model with

differential competence and host preferences. We will examine scenarios under which

Miller and Huppert found one should observe either the dilution effect or diversity

amplification, and see if the same results hold in our model that incorporates stage-

structure. We will then incorporate stage preference and examine the effects on diversity

amplification and dilution. Note that we will measure disease risk using total IV and

peak IV rather than R0, for reasons discussed in Chapter 2.

7.1 Conditions for Dilution

In literature, the dilution effect is described as occurring if an increase in the host diver-

sity results in a decreased probability that a vector will come across a highly competent

host [19, 23]. Therefore, if there is a high abundance of a low competence host it will

decrease the chance of a vector coming across a highly competent host. By this reason-

ing, we can see that the maximum and minimum disease risk would occur when the

community is composed of a single host species.

Miller and Huppert found that there are two cases when dilution will occur, and

in accordance with dilution theory logic, disease risk (R0) increases monotonically in

proportion to the abundance of the higher competence host. They find dilution occurs

either (1) when there is no species preference and host species differ in competence, or

(2) when there is a feeding preference for the less competent species.

While we have not proven this to be true for our model, large numbers of simulations

indicate that these conditions also result in dilution for our model (Figures 7.1 and 7.2).

In accordance with dilution theory logic, in both cases the peak IV and IV (disease

risk) increase monotonically as the more competent species increases in abundance. As
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such, the maximum disease risk occurs when only a single species is present in the host

population.

Figure 7.1: Peak IV and total IV curves decrease monotonically as the fraction of the
less competent species (species 1) in the population increases (dilution). Here there is
no species feeding preferences, and species 1 is more competent than species 2 (γ1 =
1
4
,γ2 =

1
3
, δ1 = 0.50, δ2 = 0.36)

Figure 7.2: Peak IV and total IV curves increase monotonically as the fraction of the
more competent species (species 1) in the population increases (dilution). Here there
is a preference for the less competent species (species 2; ε̂ = 5), and species 1 is more
competent than species 2 (γ1 =

1
5
,γ2 =

1
3
, δ1 = 0.60, δ2 = 0.36)
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7.2 Conditions for Diversity Amplification

While the dilution effect is widely accepted, there have been articles that question its

universality by presenting evidence that maximum disease risk actually occurs when the

community is composed of multiple host species, not a single host as the dilution effect

suggests [18, 19, 23]. Miller and Huppert dubbed this mechanism diversity amplification,

because in these cases communities of multiple host species have amplified disease risk

compared to those comprised of a single species. They showed that there are also two

cases when diversity amplification will occur: (1) when one host species is preferred but

both are of equal competence, and (2) when the species that is preferred is also more

competent.

Again, while we have not proven this to be true for our model, large numbers of

simulations indicate that when these conditions are satisfied in our model, diversity

amplification occurs and the maximum disease risk occurs when both species are present

in the community (Figures 7.3 and 7.4). Since the maximum disease risk occurs when

both species are present, we find the maximum values of peak IV and total IV at interior

points and thus we get non-monotonic ”hump-shaped” curves, unlike the monotonically

increasing or decreasing curves that result from dilution.
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Figure 7.3: Disease risk is a non-monotonic function of species proportion. Therefore
maximum disease risk occurs when both species are present in the community (diversity
amplification). Here there is a feeding preference for species 1 (ε = 5), but both species
have equal competence (γ1 = γ2 =

1
5
, δ1 = δ2 = 0.60).

Figure 7.4: Disease risk is a non-monotonic function of species proportion. Therefore
maximum disease risk occurs when both species are present in the community (diversity
amplification). Here there is a feeding preference for the more competent species, species
2 (ε̂ = 4), with competence parameters set at γ1 =

1
3
,γ2 =

1
4
, δ1 = 0.36, δ2 = 0.50.
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7.3 The Effect of Stage Preference on the Conditions for

Dilution and Diversity Amplification

The Miller and Huppert model incorporates multiple species but does not take into ac-

count any stage-structure. As such, all of their conclusions regarding the situations in

which dilution and diversity amplification will occur are only in terms of species pref-

erence, competence, and abundance. While their conclusions regarding these situations

also hold true in our stage-structured model (with no stage preference), it is of interest

for us to see if incorporating stage preferences can change the situations that result in

diversity amplification or dilution (we first consider the conditions where we will get

dilution, then the conditions where we will get diversity amplification).

If there is no species preference and host species differ in competence we get dilution,

where disease risk increases monotonically as the more competent species increases in

abundance (see Figure 7.1). If we incorporate a juvenile preference for the less competent

species (species 1), as we increase the juvenile preference, dilution does not turn into

diversity amplification. However, we find that instead of the disease risk decreasing with

the proportion of the less competent species, it begins to increase with the proportion of

the less competent species (see Figure 7.5). This tells us that in this situation the juvenile

preference of species 1 is outweighing the increased competence of species 2. As the

strength of the juvenile stage preference increases, a concentrated number of bites are

going to a small fraction of the population which is resulting in an increase in disease

risk.

The second case where Miller and Huppert found dilution was a species preference

for the less competent species (see Figure 7.2). We found dilution turned into diversity

amplification when we incorporate a juvenile preference for the less competent species.

As we increase this juvenile preference, the disease risk curves go from increasing with

the proportion of the more competent species and achieving its maximum when only the
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more competent species is present, to being a hump-shaped curve where the maximum

is achieved when both host species are present (see Figure 7.6). Here, having a strong

juvenile stage preference is functionally similar to having increased stage competence.

So a biting preference for the less competent species and a strong juvenile preference

for the less competent species would be functionally similar to the case of diversity

amplification where the more preferred species is also more competent (see Figure 7.4).

Figure 7.5: As we increase the strength of the juvenile preference for the less competent
species (species 1), disease risk beings to increase (rather than decrease) as the propor-
tion of host species 1 increases. In this case, the strong juvenile preference for species 1
overcomes the effects of the increased competence of species 2. All competence parame-
ters are assumed to be as in Figure 7.1.

Diversity amplification can occur when there is a preferred host species and both

species have equal competence (see Figure 7.3). By incorporating a juvenile preference

for the non-preferred species, we can get diversity amplification to change to dilution

(see Figure 7.7). As we increase the juvenile preference, we start to get an increase in

the disease risk as the proportion of the non-preferred species increases. Again, a strong

juvenile preference is functionally similar to having an increased species competence.

Having equal host competence, a biting preference for one host species, and a juvenile

stage preference for the non-preferred species is functionally similar to the case of di-

lution when there is a preference for the less competent species and the disease risk

71



Figure 7.6: As we increase the strength of the juvenile preference for the preferred, less
competent species (species 2), disease risk turns from dilution to diversity amplification.
The strong juvenile preference for species 2 is functionally similar to an increase in host
competence. All competence parameters are assumed to be as in Figure 7.2.

increases monotonically with as the abundance of the more competent species increases

(see Figure 7.2).

Figure 7.7: As we increase the juvenile preference for the non-preferred species (species
1), diversity amplification becomes dilution. In this case, juvenile preference is acting
functionally similar to competence. Rather than disease risk being a non-monotonic
function of species proportion, disease risk now increases monotonically as the propor-
tion of the species with the juvenile preference increases. All competence parameters are
assumed to be as in Figure 7.3.

The second case where Miller and Huppert found diversity amplification was when

the preferred host species is also more competent (see Figure 7.4). We found diversity

72



amplification turned into dilution when we incorporated a juvenile stage preference for

the less preferred species. As we increase the juvenile preference, the disease risk curves

go from being non-monotonic and hump-shaped with a maximum at an interior point,

to monotonically increasing with the proportion of the species that has the juvenile pref-

erence (see Figure 7.8). Here an increased juvenile stage preference is again functionally

similar to increased competence. A biting preference for the more competent species and

a strong juvenile preference for the less competent species is functionally similar to the

case of dilution where there is a preference for the less competent species and disease

risk increases monotonically as the abundance of the more competent species increases

(see Figure 7.2).

Figure 7.8: As we increase the juvenile preference for the non-preferred species (species
1), diversity amplification becomes dilution. Juvenile preference is acting functionally
similar to competence. A strong enough juvenile preference for the non-preferred species
(species 1) is outweighing the increased competence for the preferred species (species 2).
Rather than disease risk being a non-monotonic function of species proportion, disease
risk now increases monotonically as the proportion of the species with the juvenile pref-
erence (species 1) increases. All competence parameters are assumed to be as in Figure
7.4.
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7.4 Discussion

While the dilution effect has been widely studied, Miller and Huppert were the first

to analyze and create a mechanism for diversity amplification [19]. This is important

because between dilution and diversity amplification they are able to account for the

conflicting patterns that occur in nature. The model they used was a two species model

with no stage-structure, and as such all of the conditions resulting in dilution and di-

versity amplification are given in terms of species preference and competence. Using

our stage-structured, two species model, we were able to reproduce their results and

verify that in cases of dilution, disease risk (for us, measured in total infectious and peak

infectious vectors) increases with the proportion of the more competent host, achieving

its maximum when only one host species is present, whereas in cases of diversity am-

plification, disease risk is a non-monotonic function of species proportion and achieves

a maximum at an interior point where both host species are present.

Since Miller and Huppert’s model did not incorporate stage-structure, we examined

the effects of incorporating juvenile stage preferences on their results. We found that by

incorporating a juvenile stage preference, we were able to change situations from dilu-

tion to diversity amplification and vice versa. We were able to conclude that increased

juvenile stage preference acts similarly to increased competence in the sense that both are

mechanisms for increased disease transmission, and as such both are important mech-

anisms for determining the effect of increased species diversity on the disease risk of a

community.
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Chapter 8

Conclusions and Future Work

Previous studies of WNV have examined the dynamics of single species stage-structured

models [16, 17, 20], and models with two host species and no stage-structure [19, 23, 25].

To our knowledge our model is the first to incorporate multiple host species and stages.

We also incorporate variable species and stage specific biting rates of vectors on

hosts. We show the differences between a single species model with weighted average

parameters and a two species model, we investigate the difference between increased

biting rates on host species and increased biting rates on host stages, and the effect

of incorporating community composition and stage preference on the mechanisms of

dilution and diversity amplification as proposed by Miller and Huppert.

We find that the general assumption of weighted average parameters on a single

species model is an inadequate representation of the dynamics that can occur using a

two species model. The only cases where it is appropriate are the cases in which both

host species parameters are equal, regardless of community composition. In all other

cases, this assumption results in either an overestimate or underestimate of the intensity

of WNV transmission.

Investigation of the two species model shows that regardless of species competence

and nesting parameters, an increased biting rate on juveniles always results in the most
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intense WNV transmission except for one case. The one case where increased host

species biting rates results in a more intense WNV transmission than increased juvenile

biting rates is when the preferred species is at its maximum competence with recovery

rate γ1 = 1
10

and infectivity δ1 = 1. However, even in this case there is only a slight

increase in WNV transmission over the juvenile preference.

Further investigation showed that by incorporating community composition into our

stage-structured, two species model, we were able to reproduce the results of Miller and

Huppert. We verify that in cases of dilution, disease risk increases with the proportion

of the more competent species, achieving its maximum when only a single host species

is present, while in the cases of diversity amplification, disease risk is a non-monotonic

function of species proportion and achieves its maximum at an interior point when

both host species are present in the community. Incorporating stage-structure onto their

results, we found that by adding increased biting rates on juveniles, in almost every

case we were able to change the outcome from diversity amplification to dilution and

vice versa. We conclude that increased biting rates on juveniles is functionally similar

to competence and both are important mechanisms for determining the effect of species

diversity on the disease risk of a community.

The possible future work for this model is extensive. Our model only simulates a

single season. However, the percentage of susceptible verus recovered hosts at the end

of a season will likely influence initial conditions for the next season. Also, in our model

we assume that vector bites are first distributed among host species and then host stages

(juveniles and adults). It would be of interest to see the effects of a simultaneous choice,

where bites can be distributed to any stage of either species. Future directions also

include a more mathematically rigorous description of the conditions for dilution and

diversity amplification.
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