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Biodiversity and the risk of disease transmission

Introduction:


It’s been known for centuries that biodiversity can play an important role in the spread of disease. One of the major advantages to planting diverse crops, for example, is that higher crop diversity strongly correlates with lower plant disease rates due to mechanisms both known and unknown. Researchers are also beginning to find that biodiversity plays an especially important role in transmission of vector-born diseases such as Lyme Disease and West Nile virus. My project focuses on several theoretical mechanisms by which biodiversity can alter the rate of disease spread among species and between species.

Biodiversity refers in this case to the diversity of life that comprises a community. “Diversity,” however, is a hard term to define mathematically. The total number of species in a community, the total number of individuals in a community, or a combination of the two can all be used as diversity metrics, even though they all mean entirely different things. It is possible that each of these three diversity metrics (species richness {total number of species}, abundance {total number of individuals}, species and evenness {a combination of the two}) can have a different effect on the transmission of disease within that community. 
A One Species Model

I first analyzed and modified an SI (susceptible / infected) model proposed by Keesing (2006) that looked at a disease specializing on a single host species with transmission by direct contact. Keesing’s model lacked a recovered class, so I added that in (dR/dt) and accordingly rearranged the equations for dS/dt, dI/dt. 
dS/dt = (b-m)(k-I-R)-αδ(k-S-R)(k-I-R)+(b’)(k-S-R)

dI/dt = αδ(k-S-R)(k-I-R)-( γ+m’)(k-S-R)
dR/dt=( γ+m’)(k-S-I)
This model is based on the assumption that the disease is only transmissible within one species. With Keesing’s model, there was no immunity to the disease, but my model provides that. All recovered individuals have the same probability of becoming infected as all susceptible individuals. The disease reproduction rate for this disease is equal to αδ/γ. 

Biodiversity can reduce the disease transmission rate (or lower dI/dt) through this model in a number of ways. First, encounter between individuals (α) can be reduced if added species cause individuals to move around less. If an added species is a predator, for example, then the species in question could respond by becoming more sedentary and thus having fewer contacts with conspecifics. This same mechanism, however, could also increase δ (the probability of transmission per encounter) if added species force prey to spend more time in close confines. 
If the added species is beneficial (e.g. prey species or mutualist) to the original species, then its presence could decrease δ and increase γ (recovery time) by reducing host stress and increasing host health. At the same time, if an added species is a competitor or predator, then its presence would likely increase δ and decrease γ, resulting in more likely infection or a growth in dI/dt. A predator, however, could also cause an increase in m’ (host mortality rate) if it preferentially attacked killed hosts, which would lead to a shrinking of dI/dt. Using this model, an increase in biodiversity can shift dI/dt either up or down depending on the addition of individuals to different ecological niches affects the community structure. The effects of biodiversity in this case are not determined by changes in total species richness or evenness, but by the abundance of individuals filling particular ecological niches. The relationship of these niches to the species analyzed by the equation determines how its parameters change.  
Vector Transmission within a Single Species

The second model I analyzed is similar to the first as proposed by keesing, including hosts that were either susceptible or infected. All infected hosts have the same probability of reinfection as all susceptible hosts. The difference of this model, however, is that the disease can only spread between host individuals by way of a vector species (such as a mosquito, tick, or flea). Thus, the model includes three equations to predict the change in the number of susceptible vectors (W), infected vectors (Z) and infected hosts (I). The transmission of the disease from infected hosts to susceptible vectors and from infected vectors to susceptible hosts can be modeled by:
dW/dt = λ-μW – αδIW

dZ/dt = αδ(K-S)W – μZ

dI/dt = α’δ’(K-I)Z – (γ-m’)I
(Antonovics et. al, 1995)

In this set of differential equations, biodiversity can reduce the number of infected individuals in a number of ways. As with the first case, increased biodiversity can change encounter rates (α) between infected hosts and susceptible vectors and between infected vectors and susceptible hosts (α’). Added species could also change δ’ (probability of transmission to a healthy host) and γ (host recovery rate) depending on the relationship of these individuals to the original species in the community structure. It’s also possible that added species could increase the vector death rate, leading to fewer infections of susceptible hosts. 
The Dilution Effect – Vector Transmission between Multiple Species


The dilution effect is based on a disease in which different species have varying host competency (their capabilities of carrying and transmitting the disease), and where the disease is regulated by the abundance of highly competent hosts.  It is assumed by the model that I’m about present that vectors indiscriminately attack all host species. If a single host species is highly abundant and highly competent, then the addition of species (or individuals) of lower competency would “dilute” the number of vectors that come into contact with and contract the disease from them. With fewer vectors contracting the disease, fewer hosts of all competency levels will be exposed to it. 


Before attempting to create a model of disease spread between multiple host species, I want to further examine the equation modeling vector transmission within a single species. 
dZ/dt = αδ(K-S)W – μZ describes the change in the number of infected vectors as a function of contact rates between healthy vectors and infected hosts (α) and of the likelihood of transmission per encounter between healthy vector and infected host (δ). Even looking only at transmission within a single species by way of a vector, the dilution effect would lower α as long as added species were on average of lower competency than the original. Alpha would be lowered because, with more hosts of lower competency, fewer vectors will come into contact with infected individuals and become infected themselves. With fewer vectors becoming infected, the infection rate (dI/dt) of the original species will decrease. 

In order to look at the effects of vector contact rates with multiple host species of varying reservoir competence, I made a simple expansion of the above equation, dZ/dt = αδ(K-S)W – μZ, to examine how biodiversity effects the parameter α. In the past, attempts at multiple species disease transmission models have been made, but most are stage structured, are analytically very complex, and include at most three species (Begon, 1992). I included extra parameters to determine the contact rate between healthy vectors and infected hosts variable (α) to include relative abundance (N1/Ntotal) and relative competency (c) of additional species. Thus, a new equation modeling transmission between healthy vectors and infected hosts is: 

dZ/dt = X(C1*N1/Ntotal + C2*N2/Ntotal + C3*N3/Ntotal + …..)δ(K-S)W – μZ, where X indicates that α is proportional to the sum of the relative abundance of individual species times their reservoir capacity. 
This modified equation ignores the presence of additional species in every respect except for their contact with susceptible vectors. The purpose of the new variables is simply to provide a value for α that reflects the possibility of a vector biting a different host that may carry the disease in different rates. This model has many unrealistic assumptions, but can still provide an insight into the mechanisms behind the dilution effect. Mainly, it assumes that disease rates in all reservoir species except the one under analysis are constant. This is unrealistic since the change in vector disease rates will inadvertently affect disease rates in all host species. In illustrating, however, how a constant presence of additional species can affect disease rates, this model is effective. 

The new parameters that define contact rates between healthy vectors and infected hosts show how species abundance can lower α, and why the original species must have high reservoir competence in order for its role in transmitting the disease to be diluted. For example, let’s look at a community composed of two species in which one has high abundance and capacity, and the other is less abundant and has a lower capacity. In this case, the contact rate, α, between healthy vectors and infected individuals would be comparatively high. (I use c as a scale from 0 to 1 where 1 indicates the highest reservoir capacity and 0 indicates no capacity of carrying the disease). 

α = X(C1*N1/Ntotal + C2*N2/Ntotal + C3*N3/Ntotal + …..)

α = X(0.85*75/100 + .10*25/100), or 0.689X. 
By adding one species of lower competence than the highly abundant original species, we dilute its presence by lowering the contact rate with that species. If we add 30 of these individuals, then we get 

α = X(0.85*75/130 + .10*25/130 + .15*30/130), or 0.544X

This model shows how addition of species can lower infection rates and provides several conclusions about the conditions necessary for the dilution of α to be effective. One important thing to keep in mind is that δ (probability of transmission between infected host and susceptible vector) can also be affected by the same mechanisms as α. “Reservoir competence” is defined as a species’ ability to carry and transmit a disease, hence a lower average competence could easily lower the average probability of transmission (δ) as well as average total contact with infected individuals (α). 
1. Transmission rates between infected hosts and susceptible vectors are dependent more on species abundance than species richness. Alpha is determined by competency weighted to the total number of individuals. However, the distribution of competencies and N/Ntotal is determined by distribution of species. 

2. If a community has a high abundance of high competence individuals, then a larger number of lower competence individuals are needed in order to dilute transmission from high competence individuals. 

3. If one species has a reservoir competence that is only slightly larger than the average competence, then the addition of species will only slightly lower the vector contact rate with infected hosts. 

4. If one species has a competence equal to the average competence, then the addition of species will not affect the contact rate with infected hosts. 
5. If one species has a competence below the average capacity, then the addition of species will actually increase the contact rate with infected individuals. 

Future Work:


A more comprehensive model is necessary to fully understand longer-term effects of dilution of contact rates. More equations and parameters need to be created in order to reflect the change in contact rates and abundances of infected hosts as the number of infected vectors changes. Most diseases have at least partial immunity. Thus, the assumption that there are no recovered hosts is false in most cases. A new set of differential equations is necessary to look at whether or not changes in the number of recovered individuals can dilute the number of vectors attacking infected individuals. It’s also important to consider the density of infected hosts and vectors. This model assumes that vectors and hosts are evenly distributed spatially, but in a real system this also is unlikely. 

The models provided, however, give insight into many possible ways that changes in biodiversity can change disease rates in a variety of systems. The dilution effect is unique in that biodiversity affects disease transmission by the addition of species occupying similar ecological niches, whereas changes in disease rates in other cases depend on the niche of the added species. The relation of disease transmission rates to biodiversity clearly depend on more parameters than can be fit into a simple model. 
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S=Number of susceptible individuals


I= Number of infected individuals


R=Number of recovered individuals


K=Carrying Capacity


α= Rate of encounter between infected and susceptible hosts


δ= Probability of transmission per encounter


γ= Host recovery rate


b (b’)=Susceptible (infected) birth rate


m (m’)= Susceptible (infected) death rate. 








S=Number of susceptible hosts


I= Number of infected hosts


K=Host carrying Capacity


W=Susceptible Vectors


Z= Infected Vectors


α= Rate of encounter between infected hosts and susceptible vectors


δ= Probability of transmission per encounter between infected host and susceptible vector


α’= Rate of encounter between infected vectors and susceptible hosts


δ’= Probability of transmission per encounter between infected vector and susceptible host


γ= Host recovery rate


m’= Infected death rate


λ = Vector recruitment rate 


μ = Vector death rate











