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Abstract. Understanding the benefits of biodiversity conservation is essential for developing policies that 

can enhance the environment and hence the well-being of humans as well. We formulate a consumer-

resources model for a terrestrial ecosystem that incorporates resource diversity in the form of multiple 

species of resources (for example trees, grasses or both) and the consumers of those resources. This 

model is used to explore a potential benefit of maintaining ecosystem biodiversity, namely reducing the 
spread of infectious diseases. The important mathematical features of the model are derived, analysed and 

used to investigate our hypothesis that increasing species diversity in the resources can reduce diseases in 

those resources. The results of the analyses and numerical simulations suggest that indeed increasing 

resource diversity can lead to a decrease in infectious diseases. Of more interest, we show how increased 

diversity can result in eradication of disease in cases where disease persistence would normally be 

predicted. 

Keywords: consumer-resource model, ecosystem epidemiology dynamics, stability analysis, bifurcation, 

biodiversity 

Introduction 

The economic and environmental benefits of biodiversity are well known (Pimentel 

et al., 1997). Primarily, ecosystems that are species-rich are more resilient and stabilize 

productivity over time (Naeem, 2009; Patz et al., 2005; Naeem and Li, 1997; Bai et al., 

2004; Hautier et al., 2015). Recently, Isbell et al. (2015) showed how biodiversity 

increases the resistance of ecosystem productivity to a broad range of climate events. 

The effects of biodiversity on human well-being are multifaceted. For example, the 

links between biodiversity and employment have been established Nunes et al. (2011). 

In health, ecosystem biodiversity plays a crucial role in regulating the transmission of 

many infectious diseases among human populations (WHO, 2016; Patz et al., 2005). 

Further evidence from the literature suggests that biodiversity conservation could 

promote human and wildlife health (Ostfeld and Keesing, 2012). Statistics have shown 

that about sixty percent of emerging infectious diseases that affect humans originate in 

animals and more than two-thirds of these originate in wildlife Patz et al. (2005). 

Meanwhile, according to the World Health Organization (WHO, 2016) zoonoses still 

constitute significant public health problems. 

The occurrence of infectious diseases in ecosystems could be one of the factors 

affecting their productivity. The epidemiology of ecosystems have been investigated 

theoretically using a number of different approaches (Kooi et al., 2011; Auger et al., 

2009; Das et al., 2011; Tewa et al., 2013) and it has been shown that maintaining 

biodiversity can affect disease transmission (Ezenwa et al., 2006; Haas et al., 2011; 
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Johnson et al., 2013; Ostfeld and Keesing, 2012). For instance: Haas et al. (2011) 

demonstrated that forest species diversity reduces disease risk in a generalist plant 

pathogen invasion. LoGiudice et al. (2003) show that the preservation of vertebrate 

biodiversity and community composition can reduce the incidence of Lyme disease. 

Johnson et al. (2013) show that maintaining biodiversity can reduce disease 

transmission using integrate high-resolution field data with multi-scale experiments. 

Ostfeld et al. (2000) examine the function of biodiversity in the ecology of vector-borne 

zoonotic diseases. Particularly, they show that high species diversity can lead to a 

reduction in infection prevalence and disease risk in vertebrate communities under 

certain conditions. Keesing et al. (2010) argue based on current evidence that preserving 

intact ecosystems and their endemic biodiversity should generally reduce the prevalence 

of infectious diseases. 

The dynamics of mixed resource ecosystems are complex and understanding the 

dynamics of such ecosystems is important for proper management and preservation. 

Mathematical models are one of the tools that can aid this process through exploring the 

possible dynamics of the systems. Nakazawa et al. (2012) developed a mathematical 

model analysis for plant disease dynamics co-mediated by herbivory. Their results from 

an eco-epidemeilogical perspective demonstarte that integration of tripartite interactions 

among host plant, plant pathogens and herbivour vectors is helpfull for sucssesful 

control of plant diseases. Here, we consider a more complex mathematical model to 

investigate the impact of resource species diversity on the spread of diseases in a mixed 

resource terrestrial ecosystem and illustrate the mechanisms whereby species diversity 

could lead to a reduction in diseases. Thus, the primary aim here is to explain 

theoretically how species diversity could reduce certain infectious diseases in mixed 

resource terrestrial ecosystems. 

Methods 

Consumer-resource model 

In this study we explore variations in biodiversity in terms of plant species richness. 

We develop a simple model of plant resources with animal consumers. The model is 

similar to that in Rosenzweig and MacArthur (1963) but here we extend it by 

introducing infection together with multiple resources that a consumer (or group of 

similar consumers) feed on. We assume that each type of resource is made up of two 

classes: a susceptible group Si and an infected group Ii such that Si + Ii = Ni (all 

mathematical symbols used in this paper are listed with their meanings in Appendix 3 at 

the end). Each susceptible group Si grow logistically and decrease as a result of 

infections or removal by the consumers (Kooi et al., 2011; Rosenzweig and MacArthur, 

1963). The infected group increases when the susceptible Si become infected and 

decreases through death or feeding by the consumers (Nakazawa et al., 2012). 

Transmission of disease from the infected group (plants) Ii to susceptible plants Si can 

be through indirect mode of transmission (Campbell, 1996). This is a situation when the 

pathogens causing the disease are carried independently by natural agencies like wind, 

water, animals, insects, mites, nematodes, birds etc. from the infected to suscetible 

plants. For instance, bacteria and fungi can be spread by water or wind. On the other 

hand, one of the most common vectors of viruses are insects. So for this study, 

infcetious diseases of an ecosystem that can be transmitted by any of these indirect 

mode of transmission are considered. Thus, it is assumed that the pathogen density, 
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denoted by P, grow through the infected resources at rates νi and die at a rate ξ, and is 

how Si and Ii interact. Resource consumption is modelled by hyperbolic response 

functions (Turchin, 2003). Based on these assumptions, we obtain the model (Eq. 1) 
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 (Eq.1) 

 

Note that n is the number of resources and 
1

n

i

i

S S


 , 
1

n

i

i

I I


  with the total density 

N = S + I. The meaning of variables and parameters are given in Table 1. We assume 

that infections are not transmitted from resources to consumer and that consumers 

interact with all resources uniformly. We do not consider equations for idS

dt
 in our 

mathematical analyses, as Si can be easily determined from the already determined Ni 

and Ii. Note, increasing resource diversity for this model system is achieved by 

increasing n. All variables are in the units of biomass (g/m
2
). Also, as the aim is to test 

the effects of resource diversity on the dynamics, the consumers are treated as one total 

biomass. 

 

Consumer-resource model for one resource 

To analyse the model, we start with the case where there is only one resource. For 

this homogenous case we drop the subscripts as there is only one resource (i.e. 
1

1

i

i

S S


 , 
1

1

i

i

I I


  with the total density N = S + I as before). We now obtain 

Equation 2: 
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where variables and parameters have the same meanings as the corresponding ones 

defined in Table 1. 

 
Table 1. Variables and parameters for model Equation 1 

Variables Meaning Units 

Si Density of susceptible resources i g/m2 

Ii Density of infected resources i g/m2 

Ni Total density of resources i, Si + Ii g/m2 

Y Density of consumer g/m2 

P Measure of foliar diseases pathogen g/m2 

Parameters Meaning Units 

ri Growth rate of resources i /year 

Ki Carrying capacity of resources i g/m2 

αi Ni removal by Yi /year 

βi Ni when αi is half g/m2 

c Conversion of Si or Ii into Y  Dimensionless 

τ Reduction of Y due to other factors /year 

σi Exposure of Si to P /year 

μi Death rate of Ii /year 

γi Recovery rate of Ii /year 

νi Growth rate of P (from infected Ii) /year 

ξ Death rate of P  /year 

 

 

Consumer-resource model with increased species diversity, n = 2 

Next we increased the resource diversity by setting n = 2 in model Equation 1 to 

obtain Equation 3: 
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 (Eq.3) 

 

a scenario where there are two distinct resources that the consumers can feed on. 

 

Threshold quantities used 

The basic reproduction number denoted by R0 in epidemiology is a threshold 

quantity that gives a condition under which a disease can be eradicated or persist in the 

population (van den Driessche and Watmough, 2002; Tien and Earn, 2010). For R0 < 1 

a disease can be eradicated but when R0 > 1 a disease persists. So, to ensure disease 

eradication mechanisms (natural or otherwise) are required that ensure the basic 

reproduction number is below unity. Epidemiologically, the basic reproduction number 

can also be used as a measure of the number of secondary infections in the system. For 

example, the basic reproduction number R0 for Equation 2, using the next generation 

matrix method (van den Driessche and Watmough, 2002), is (Eq. 4): 
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K
 (Eq.4) 

 

The consumption number denoted by C0 for a consumer-resource system model is a 

threshold quantity (similar to the basic reproduction number) that gives a condition 

under which the consumers will survive or not in the system (Collins and Duffy, 2016a). 

Here, when 1 C0   consumers do not survive and when 1 C0   consumers survive. So, 

coexistence of consumer and resources in the system requires that the consumption 

number is above unity. For example, the consumption number for Equation 2 can be 

calculated using the approach in Collins and Duffy (2016a) given by (Eq. 5): 
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 (Eq.5) 

 

Mathematically, these two threshold quantities give conditions under which the 

equilibrium points of the system are stable and enable a qualitative analysis of the 

models. 
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Numerical simulations 

Numerical simulations are used to support our analytical predictions. In particular, 

the impact of resource diversity on the dynamics of infected resource biomass is 

considered. The parameter values used for the numerical simulations are given in 

Table 2. 

 
Table 2. Parameter values used for model simulations with their source 

Variables/parameters Value Unit Source 

r 0.014 /day Duffy (2001) 

K 500 g/m2 Owen-Smith (2004); Duffy (2001) 

α 0.025 /day Duffy (2001) 

β 40 g/m2 Duffy (2001) 

c 0.75 Dimensionless Owen-Smith (2004); Duffy (2001) 

τ 0.0175 /day Estimate 

σ 0.01 /year Estimate 

γ 0.8 /year Estimate 

μ 0.002 /year Estimate 

ν 0.0275 /year Estimate 

ξ 0.033 /year Estimate 

 

 

We are interested in comparing the results of the models with increasing diversity 

and so to ensure these models are comparable we equal their biomasses by making: 

 

,, 2121   rrr ,2/21 KKK    212121 ,, . 

 

Based on these assumptions, the basic reproduction number of Equation 1 for n = 1, 

n = 2 and n = 3 becomes equal. So to determine the impact of resource diversity on the 

spread of disease, we compare the dynamics of the models numerically under these 

assumptions. 

These models are used to investigate the effect of increasing resource diversity. In 

most epidemiological modelling studies a fundamental result is that when the basic 

reproduction number is less than unity the infected populations dies out and when the 

basic reproduction number is greater than unity the disease persists (Castillo-Chavez et 

al., 2002; van den Driessche and Watmough, 2002; Tien and Earn, 2010). Ecologically, 

when the consumption number is less than unity, consumers will not survive and when 

the consumption number is greater than unity, consumers survive (Collins and Duffy, 

2016a). So, the basic reproduction number and consumption number are bifurcation 

quantities. Thus, to investigate these scenarios numerically we consider parameter 

values such that the basic reproduction number and consumption number are less than 

and/or greater than unity. These various values of basic reproduction number and 
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consumption number are obtained by varying the most sensitive parameter while the 

others are kept fixed. We vary τ to obtain various value of C0 since it is the most 

sensitive parameter for C0 and we vary σ to obtain various value of R0 since it is the 

most sensitive parameter for R0. 

Analyses and results 

Qualitative analyses 

The system with n = 1 (Eq. 2) has many equilibrium points but we present only the 

ones crucial for our analyses, given by: 
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Note that 23 E  E   if  1  C0  . This suggests that C0 and R0 are bifurcation quantities. 

The short- and long-term dynamics of Equation 2 can be described by the stability 

about the equilibrium points Liao and Wang (2011). Thus, the stability results of the 

model are summarized in the following theorem. 

 

Theorem 1 

 

(i) The trivial equilibrium point E1 is unstable. 

(ii) The equilibrium point E2 is stable if C0 < 1 and R0 < 1. 

(iii) For C0 > 1, the equilibrium point E3 is stable irrespective the value of R0. 

 

The proof of Theorem 1 is given in Appendix 1. 

Ecologically, based on this formulation of the system dynamics, Theorem 1 implies 

the following for 1n : (i) resources, consumers and pathogens cannot all go extinct (ii) 

consumers, infected resources and pathogens can be eradicated when C0 < 1 and R0 < 1. 

(iii) for C0 > 1, infected resources can be eradicated irrespective the value of R0 (i.e. for 

R0 < 1 or R0 > 1). Ecologically, co-existence of resources and consumers can occur in a 

system only when C0 > 1. Thus, the consumption number C0 and the basic reproduction 

number R0 are important bifurcation quantities in the dynamical system analyses of 

Equation 2. 

We present a qualitative analyse of the model for n = 2 (Eq. 3). Again, the system 

has many equilibrium points, but we analyse further the crucial ones representing 

disease eradication: 
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The basic reproduction number for n = 2 is calculated, again using the next 

generation matrix method (see Appendix 2) as (Eq. 6) 
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22112112 RRRR  , the basic reproduction number 0R  can be simplified as 

(Eq. 7) 

 

 .22110 RRR   (Eq.7) 

 

Mathematically, the quantities R11 and R22 can be regarded as the basic reproduction 

numbers associated with resources 1 and 2 respectively. 

The consumption number (threshold quantity) denoted by 0C  for n = 2 can be 

calculated using the approach in Collins and Duffy (2016a) and is given by (Eq. 8) 

 

 ,210 CCC   (Eq.8) 
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 are consumption numbers associated with 

resources 1 and 2 respectively. 

Now again the dynamical system analyses are carried out utilizing the concept of the 

basic reproduction number R0 together with the consumption number 0C where 

necessary. The dynamics of Equation 3 can be summarized in the following stability 

results given in the theorem below. 

 

Theorem 2 

 

(i) The trivial equilibrium points E1 is unstable. 

(ii) The equilibrium point E2 is stable if 0C < 1 and 0R < 1. 

(iii) For 0C  > 1, the equilibrium point E3 is stable irrespective the value of 0R . 

 

The proof of Theorem 2 (i) and (ii) can be established using the approach used in the 

proof of Theorem 1. For (iii), the proof of the special case of equivalent parameter 

values (see above) is also easily established. For the general case, the ensuing equations 
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are too complicated to solve. However, all numerical simulations performed by us 

support this proposition in general. 

Comparing the consumption numbers of the models for n = 1 and n = 2, using the 

assumptions of equal biomasses, the consumption number for n = 2 is always greater 

than the consumption number for n = 1. This can be illustrated mathematically as 

follows: 
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Thus (Eq. 9), 

 

 
0 0C C  (Eq.9) 

 

Similarly, we can show that this result also holds for any number of species n. So, 

larger values of n result in larger values of the consumption number. Thus, an increase 

in resource diversity n will lead to an increase in the consumption number. It can be 

shown that for n = 1 increasing the consumption number can result in a decrease in the 

infected biomass. Here increasing diversity is shown to result in an increase in the value 

of the consumption number. Thus, based on these results, increasing resource diversity 

as given here should lead to a decrease in the infected biomass in general. This 

possibility is explored numerically in the next section. 

 

Numerical simulation results 

The results of our numerical simulations are given in Figure 1, using the parameter 

values in Table 2. For Figure 1 we set τ = 0.032 which correspond to C0 = 0.5425 < 1 

and different basic reproduction numbers are calculated by varying σ (R0 = 0.5143, 

0.9772, 2.5717, 5.1434 using σ = 0.001, 0.0019, 0.005, 0.01 respectively). 

From Figure 1 a and b the biomass of the infected resources decrease when n = 1 

and n = 2, for R0 < 1. For the case when n = 2, the infected biomass decreases faster. In 

Figure 1 c and d when R0 > 1, the biomass of infected resources increases for both n = 1 

and n = 2, but increases faster for n = 1. When n = 3 these results change fundamentally 

(Fig. 1c and d) in that even for R0 > 1 the infected biomass is eradicated (note that the 

oscillation in the figure eventually dampen to zero). Increasing the consumption number 

to C0 > 1 by varying τ strengthens this result in that now for n = 2 the infected biomass 

is eradicated as well (not shown). 

 

Analyses of the general consumer-resource model, Equation 1 

In this section, we show how some of the results of the previous sections can be 

extended to the general case. 
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The consumption number (threshold quantity) denoted by C0 for the general model 

Equation 1 can be calculated using the approach in Collins and Duffy (2016a) and is 

given by (Eq. 10) 

 

 



n

i

iCC
1

0 , (Eq.10) 

 

where 
 ii

ii

i
K

Kc
C







 is the consumption number associated with resource i. 

 

  
a b 

  
c d 

Figure 1. Plot illustrating the possible difference on the dynamics of model Equation 1 for 
n = 1, n = 2 and n = 3 for C0 = 0.5425 < 1 and for various values of R0: (a) R0 = 0.5143 (b) 

R0 = 0.9772 (c) R0 = 2.5717 (d) R0 = 5.1434 (see text for details) 

 

 

The basic reproduction number of the more general model Equation 1 can also be 

determined using the next generation matrix (see Appendix 2). The basic reproduction 

number R0 for this general case is difficult to calculate analytically. However, if we 
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make the same assumptions used in the numerical simulations but for any n, the basic 

reproduction number R0 becomes (Eq. 11) 

 

 



n

i

iiRR
1

0  (Eq.11) 

 

It is easy to see that for this general model, the basic reproduction number is also 

uniform irrespective of n (magnitude of resource diversity) under the same assumptions 

for equal biomass as in the cases of n = 1, n = 2 and n = 3. By similar reasoning, the 

larger the value of n, the larger the consumption number. 

Discussion 

A growing understanding of the benefits of biodiversity conservation is important for 

improved policies toward enhancing human well-being. In this study, we explored one 

of a potential benefit of ecosystem biodiversity where there are infectious diseases. By 

formulating and analysing an appropriate mathematical consumer-resource model that 

takes resource diversity into consideration, we were able to show how resource diversity 

could limit the spread of infectious diseases. Our results are based on qualitative 

analyses supported by numerical simulations. 

A general consumer-resource model with n multiple types of resources representing 

resource diversity with these resources exposed to infectious disease was developed. 

Our analyses consider cases with n = 1 and n > 1 (i.e. a situation where there is only one 

type of resource and situations with more resources). The important mathematical 

features of the models such as the basic reproduction number and consumption number 

were obtained and used to investigate the dynamics. The results of the dynamical 

system analyses of these models using these concepts agree in general with results in 

epidemiology and consumer-resource system (Castillo-Chavez et al., 2002; van den 

Driessche and Watmough, 2002; Tien and Earn, 2010; Collins and Duffy, 2016a, b). In 

particular, we use these threshold quantities to consider the effects of diversity on the 

spread of disease. In all the cases considered increasing resource diversity reduced 

infected resources. 

Our numerical results for n = 1 and n = 2, where R0 < 1 agree with a fundamental 

result in epidemiological modelling that when the basic reproduction number is less 

than one infected populations die out (Castillo-Chavez et al., 2002; van den Driessche 

and Watmough, 2002; Tien and Earn, 2010). However, for the case when n = 2 we 

shown that the infected biomass decreases faster. Where R0 > 1, the biomass of infected 

resources increase as expected. However, we show that it increased faster for n = 1 

compared to n = 2. When n = 3 these results change fundamentally in that even for 

R0 > 1 the infected biomass is eradicated. Increasing the consumption number to C0 > 1 

by varying τ strengthens this result in that then even for n = 2 the infected biomass can 

be eradicated. Overall, these results support our analytical predictions that increasing 

resource diversity leads to a decrease in the biomass of infected resources. However, the 

most interesting result is that, for a case when infected plants are expected to persist, 

increased diversity results in infected resources dying out. To reiterate, we show cases 

where even for R0 > 1 then infected resources are eliminated for C0 > 1 large enough. 

For the general model (Eq. 1), conditions are shown, under the assumption of equal 

biomass, where an increase in resource diversity n will lead to an increase in the 
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consumption number. It is expected that the dynamics of this general model will also be 

governed by its corresponding basic reproduction number and consumption number 

(Heesterbeek and Roberts, 2007; Roberts and Heesterbeek, 2003; Collins and Duffy, 

2016b). Consequently, our earlier findings that increasing diversity could lead to a 

decrease in the spread of infectious disease should also hold for this general model. 

The models suggested here have many simplifying assumptions. However, as a first 

step they represent a method to compare ecosystems with different levels of diversity 

(here plant species richness). It is shown how increasing diversity in this system can 

help in reducing infectious disease in the system. Thus, increasing resource diversity 

through biodiversity conservation could promote healthier systems. This possibility 

could be important for both the environmental and agricultural future of the planet. 

Conclusions 

Biodiversity conservation has been shown to reduce the spread of some diseases in 

various ways (Haas et al., 2011; LoGiudice et al., 2003; Johnson et al., 2013; Ostfeld et 

al., 2000; Keesing et al., 2010). This study aimed to explain theoretically how 

biodiversity, through resource diversity, could lead to reduction in the spread of 

infectious diseases in a mixed resource ecosystem and the results are in the main 

consistent with this literature. As such, models of this kind with more and more detailed 

information can be considered to explain other aspects of system dynamics. Our model 

illustration here that resource diversity can lead to disease eradication is, as far as we 

know, new. Thus, this study complements results in this area and at the same time 

points to further research. 
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Appendix 1 

Proof of Theorem 1 

The proof of Theorem 1 is given as follows: 

 

(i) The Jacobian of Equation 2 evaluated at the trivial equilibrium point E1 has the 

following eigenvalues: 
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Similarly, we can show by elementary algebraic calculations that 00 011  Ca . 

Thus, for C0 > 1, the equilibrium point E3 is stable irrespective the value of R0. 
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Appendix 2 

Calculations of the basic reproduction number 

For n = 2 

The basic reproduction number for n = 2 is calculated, again using the next 

generation matrix approach of van den Driessche and Watmough (2002). The associated 

next generation matrices are given by 
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The basic reproduction number R0 for model Equation 3 is now given by the 

dominant eigenvalue of the next generation matrix 1FV and is 
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For the general model, Equation 1 

The basic reproduction number of the more general model Equation 1 can also 

determined using the next generation matrix approach of van den Driessche and 

Watmough (2002). The associated next generation matrices are given by 
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 . The basic reproduction number R0 is as in the previous cases n = 2 

or n = 1 is the dominant eigenvalue of FV
−1

. For this general case, the dominant 

eigenvalues are difficult to calculate analytically. However, if we take the same 

assumptions used in the numerical simulation but for any n, the basic reproduction 

number R0 becomes 
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Appendix 3 

List of all symbols used 

 

Variables Meaning Units 

Si Density of susceptible resources i g/m2 

S Total density of susceptible resource g/m2 

Ii Density of infected resources i g/m2 

I Total density of infected resource g/m2 

Ni Total density of resources i, Si + Ii g/m2 

N Total density resource, S + I g/m2 

Y Density of consumer g/m2 

P Measure of foliar diseases pathogen g/m2 

Parameters Meaning Units 

ri Growth rate of resources i /year 

Ki Carrying capacity of resources i g/m2 

αi  Ni removal by Yi /year 

βi Ni when αi is half g/m2 

c Conversion of Si or Ii into Y  Dimensionless 

τ Reduction of Y due to other factors /year 

σi Exposure of Si to P /year 

μi Death rate of Ii /year 

γi Recovery rate of Ii /year 

νi Growth rate of P (from infected Ii) /year 

ξ Death rate of P  /year 

Other mathematical symbols Meaning 

Ej Equilibrium points j 

S* Equilibrium point value for S 

Si
* Equilibrium point value for Si 

I* Equilibrium point value for I 

I*
i Equilibrium point value for Ii 

N* Equilibrium point value for N 

N*
i Equilibrium point value for Ni 

C0 Consumption number 

Ci Consumption number associated with resource i 

0C  Consumption number for n > 1 

R0 Reproduction number 

0R  Reproduction number for n > 1 

λj Eigenvalue j  

 

 

Symbols that do not appear in this list are used only to simplify the writing of 

equations and are defined in the text. 


