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Abstract

The epidemiology of vector-borne pathogens is determined by mechanisms and interactions at 

different scales of biological organization, from individual-level cellular processes to community 

interactions between species and with the environment. Most research, however, focuses on one 

scale or level with little integration between scales or levels within scales. Understanding the 

interactions between levels and how they influence our perception of vector-borne pathogens is 

critical. Here two examples of biological scales (pathogen transmission and mosquito mortality) 

are presented to illustrate some of the issues of scale and to explore how processes on different 

levels may interact to influence mosquito-borne pathogen transmission cycles. Individual variation 

in survival, vector competence, and other traits affect population abundance, transmission 

potential, and community structure. Community structure affects interactions between individuals 

such as competition and predation, and thus influences the individual-level dynamics and 

transmission potential. Modeling is a valuable tool to assess interactions between scales and how 

processes at different levels can affect transmission dynamics. We expand an existing model to 

illustrate the types of studies needed, showing that individual-level variation in viral dose acquired 

or needed for infection can influence the number of infectious vectors. It is critical that 

interactions within and among biological scales and levels of biological organization are 

understood for greater understanding of pathogen transmission with the ultimate goal of improving 

control of vector-borne pathogens.
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In the classic children’s book Horton Hears a Who (Seuss 1954), Horton can hear the Whos 

living on a dust speck. However, others cannot hear them and are convinced nothing can 

exist on such a small scale. In the end, they become aware that all scales are important. In 

the case of vector-borne pathogens, a better understanding of how processes at different 
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scales ultimately determine patterns of transmission and disease is needed to improve risk 

assessment.

Issues of scale and connections between scales have been topics of interest in biology and 

ecology since Darwin’s entangled bank (Darwin 1859). The concept of scale is difficult to 

define precisely and is best understood by example (Table 1). Spatial scales can be measured 

absolutely from microns through kilometers, or be defined by the biology of the system 

under study. In that sense, spatial scales range from micro scales, local to the organism (e.g., 

specific feeding locations, mating sites, etc.), through regional spaces supporting 

communities, to macro scales (e.g., continental or global). Likewise, temporal scales can use 

conventional measurements such as days, years, centuries, or system-relevant concepts such 

as the duration of an epidemic, seasonal changes, or projections for climate change. Both 

spatial and temporal scales have been extensively studied in ecology and epidemiology (e.g., 

Wiens 1989, Levin 1992, Tilman and Kareiva 1997, Ostfeld et al. 2005, Riley 2007, Reisen 

2010, Hastings et al. 2011, Paull et al. 2012, Salje et al. 2012).

A less obvious scale is biological organization, which has had only limited attention (e.g., 

Blair 2004, Tompkins et al. 2011). This scale spans processes and interactions from within 

the individual (e.g., genes, cells) through population and community levels (interactions 

between species) to global processes (Table 1). Specific biological traits or processes can be 

considered over multiple levels of organization (e.g., Blair 2004 studied bird nesting success 

at different levels). There is increasing interest in understanding the connections between 

different levels of organization or scales in disease systems (e.g., Matthews and Haydon 

2007, Real and Biek 2007) and their effects on pathogen epidemiology and population 

regulation (Tompkins et al. 2011). Heterogeneity between individuals, and the interaction of 

individuals with spatio-temporal heterogeneity in environmental factors, can be critical in 

control of mosquito-borne disease (e.g., Lambrechts et al. 2009). This is a major 

contributing factor to the effect of scaling and interaction between scales or levels on 

pathogen epidemiology. While terminology has varied in these studies, we will use scale to 

refer to the dimension being considered (spatial, temporal, different dimensions within 

biological organization) and level to refer to points along those scales, as given above.

Levins (1992), using the term scale to denote points along the spatial scale, noted that there 

is no single or correct scale, and this is true for other scales as well. Organisms experience 

multiple spatial, temporal, and biological scales and levels within scales. It is critical that 

researchers be aware of the scales and levels at which observations are made and consider 

this in interpretation. Levels within scales are also not discrete but continuous. It is 

convenient to think of specific levels (individual, community, etc.) but there is overlap. 

However, the difference between the individual-level processes (occurring within an 

individual organism) and broader scale processes (interactions between individuals) is more 

discrete, and we will focus on that difference here.

There is a critical gap in our understanding of how processes on different scales of biological 

organization or at different levels influence transmission of vector-borne disease. Making 

connections between different scales is critical to our understanding of pathogen systems, as 

shown by Tompkins et al. (2011), who illustrated the links between within-organism 
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dynamics and broader ecological scales for a parasite or pathogen using transmission 

between hosts as a theme (see their Fig. 2). For example, if the mechanisms controlling 

individual-level vector competence are critical components of transmission dynamics, then 

information at this level is needed for risk prediction in each population. Conversely, if an 

approximation using a constant transmission rate is adequate, then the individual-level detail 

becomes less important. Similar assessments will be necessary for many individual-level 

mechanisms and their impact on population and community levels. Modeling the dynamics 

of processes such as transmission and mortality will be valuable in assessing their 

importance to the epidemiology of vector-borne disease. Such studies should also assess 

how large-scale patterns in environment and community structure affect pathogen 

transmission at the individual level.

A key issue in vector-borne pathogen research is translation of field or laboratory studies to 

understanding the larger epidemiological system. For example, recent studies have shown 

that an individual mosquito’s susceptibility to infection with a pathogen can be affected by 

small changes in environmental factors (e.g., Kilpatrick et al. 2008, Richards et al. 2009) and 

within-individual factors (e.g., binding of viruses to midgut proteins, Mercado-Curiel et al. 

2008), likely influencing population- and species-level variation in vector competence. 

However, how this individual variation affects transmission dynamics beyond the individual 

level is not known. Models have shown that the average transmission rate can influence 

transmission dynamics (e.g., Anderson and May 1991 and references therein; Lord and Day 

2001a,b; Wonham et al. 2004, 2006), but the role of individual-level variation has not been 

explored extensively. Similarly, individual-level mechanisms affecting survival and 

movement patterns of mosquitoes lead to observable spatio-temporal mosquito abundance 

patterns, influencing transmission risk over space and time. Although some of these 

mechanisms have been studied (e.g., Day and Curtis 1993, Le Menach et al. 2005, 

Bustamante 2009), greater understanding of their effects on transmission dynamics is 

needed. We do not know when individual-level variation affects the risk of mosquito-borne 

disease or the ability of models to predict transmission.

This article examines two factors (transmission and mosquito mortality) involved in the 

epidemiology of mosquito-borne pathogens across the scale of biological organization, using 

selected examples to illustrate key points. We also consider how modeling can be used to 

investigate these factors, and the information needed to determine the level of detail needed 

in such models. Although our discussion focuses on a few arbovirus systems, the same 

issues apply to other vector-borne pathogens.

Transmission Between Vertebrate Hosts and Mosquitoes

Transmission between vertebrate hosts and mosquitoes is critical in determining the number 

of infectious mosquitoes, a major component in the risk of transmission at a population or 

community level. At the population level, this is often represented as a constant, as the 

proportion of mosquitoes becoming infectious after biting an infected vertebrate host. 

However, transmission occurs at an individual level and is more accurately considered a 

probabilistic process (Lord et al. 2006). The processes determining infection, dissemination, 

and transmission of an arbovirus in an individual mosquito are influenced by a variety of 
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biotic and abiotic factors (Hardy et al. 1983, Tabachnick 1994, Beerntsen et al. 2000). 

Whether differences in these individual-level processes affect dynamics at coarser (e.g., 

ecosystem) scales, or how critical heterogeneity among individuals may be is unknown. Do 

we need to include details at the individual level to predict the risk of infection? It is critical 

that we improve our understanding of the connections between scales and levels if we hope 

to translate information from small scales to larger scale predictions. Vector competence can 

be considered an individual trait, whether or not an individual mosquito can be infected and 

transmit a pathogen. However, it can be considered at a broader scale, as the proportion of a 

population or species able to be infected and transmit. Following common usage in the 

literature, we use the term in both contexts, but with the different definitions as given above.

Individual Level

While acknowledging the importance of vertebrate hosts, we focus our discussion on the 

mosquito.

Vertebrate Host Viremia and Mosquito Infection—Ingestion of virions by a vector 

depends on the presence and concentration of virus in the vertebrate host blood. Viremias 

may be short lived (hours to days; e.g., St. Louis encephalitis virus [SLEV], McLean and 

Scott 1979; eastern equine encephalitis virus, Weaver et al. 1991), but can vary over time 

within one individual vertebrate host, between individuals of one species, and between 

species. After ingestion, infection and dissemination of arboviruses are often positively 

related to the dose in the infectious bloodmeal (Dohm et al. 2002; Tiawsirisup et al. 2004; 

Mahmood et al. 2006; Reisen et al. 2008; Pesko et al. 2009; Richards et al. 2009, 2010; 

Anderson et al. 2010). However, information about mechanisms governing the relationship 

between vertebrate host viremia and mosquito infection is limited.

Mosquito infection and infectiousness (ability to transmit), as a function of vertebrate host 

viremia are often treated as a threshold (e.g., Reisen et al. 2005, Turell et al. 2005), where 

only viremias above some fixed level result in infection. However, a probabilistic model, 

where the probability of becoming infected or infectious is a continuous function of dose, 

may be more realistic. In a probabilistic model, vertebrate hosts with different levels of 

viremia could be important in arbovirus transmission (Lord et al. 2006).

The number of infectious mosquitoes resulting from one viremic vertebrate host will depend 

on a complex interplay of mosquito and vertebrate host factors and the relationship between 

viremia and probability of vector infection (Lord et al. 2006). Correlations between infection 

or viremia in the vertebrate host and the probability of being bitten, as has been shown in 

malaria (e.g., Rossignol and Shieh 1993), may also be important and impact viral 

epidemiology. The relationship between vertebrate host viremia and mosquito infection for 

many arbovirus transmission cycles is unknown. Differences in vertebrate community 

composition (community level) affect the temporal and spatial availability of infectious 

hosts, influencing the viremias available for vector infection. Although diversity in the 

vertebrate host community at the species level has been considered (e.g., the dilution effect, 

Schmidt and Ostfeld 2001, LoGiudice et al. 2003, Keesing et al. 2006), the effects of 
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variable levels of viremia at the individual level on pathogen epidemiology has hardly been 

explored.

Vector Competence—Biological transmission includes acquisition of pathogens from a 

bloodmeal, infection of midgut cells, dissemination to salivary glands and other tissues, and 

transmission during probing and feeding on a subsequent vertebrate host (horizontal) or to 

progeny (vertical; Hardy et al. 1983, Higgs and Beaty 2005). The vector also must survive 

the extrinsic incubation period (EIP), the period between ingestion of the pathogen and the 

ability to transmit it to a vertebrate host.

Mosquito barriers which prevent arbovirus transmission to subsequent vertebrate hosts may 

be mosquito species and virus strain-specific (e.g., Lorenz et al. 1984; Turell et al. 2001a,b; 

2005; Davis et al. 2005; Moudy et al. 2007; Richards et al. 2007, 2009, 2010; Kilpatrick et 

al. 2008; Brault 2009; Kenney et al. 2012) and can be modified by environmental factors, 

such as temperature and viral dose (Dohm et al. 2002; Tiawsirisup et al. 2004; Mahmood et 

al. 2006; Richards et al. 2007, 2009, 2010; Reisen et al. 2008; Pesko et al. 2009; Anderson et 

al. 2010) or biological factors such as age (Richards et al. 2009, 2010). Environmental 

conditions encountered during immature stages may also affect adult mosquito barriers to 

susceptibility (e.g., Takahashi 1976; Grimstad and Haramis 1984; Alto et al. 2008a,b; 

Westbrook et al. 2010; Muturi and Alto 2011; Muturi et al. 2011). Interactions between 

environmental and biological factors may generate a complex landscape of infectious 

vectors that determines transmission dynamics and risk.

Mosquito Immunology—Another group of individual-level processes influencing 

mosquito–virus interactions and individual susceptibility is the mosquito innate immune 

response to arboviruses (Christophides et al. 2002; Sanders et al. 2003, 2005; Keene et al. 

2004; Xi et al. 2008; Costa et al. 2009; Fragkoudis et al. 2009; Smartt et al. 2009; Souza-

Neto et al. 2009; Bartholomay et al. 2010). Symbiotes and commensal microbes interact 

with the immune system and affect susceptibility and transmission of pathogens in a wide 

range of vector species (reviewed by Weiss and Aksoy 2011), providing a mechanism for 

community-level feedback into individual processes. The influence of immune responses at 

the individual level on the arbovirus transmission dynamics at population and community 

levels has not been explored.

Models of vertebrate immune systems and pathogen responses have provided valuable 

insights into within-host dynamics of pathogens (e.g., directly transmitted viruses, Iwasa et 

al. 2004, Alizon and van Baalen 2008, Fryer et al. 2010, Alizon et al. 2011; malaria, 

Gravenor et al. 1995; pathogen interactions, Xiao and Bossert 2010). There are few similar 

studies of the insect immune system (White et al. 2012). Arboviruses must cope with both 

invertebrate and vertebrate immunology that can impose strong selection on infectivity for 

both hosts (e.g., Venezuelan equine encephalitis virus, Coffey et al. 2008), but it is unknown 

how this affects arbovirus epidemiology. Models exploring these issues would be valuable.

Mosquito Abundance—The abundance of the adult vector population is a well known 

driver in models of transmission dynamics (e.g., Ross 1911, Macdonald 1957, Plaisier et al. 

1990, Anderson and May 1991 and references therein), including West Nile virus (WNV) 
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and SLEV (e.g., Lord and Day 2001a,b; Wonham et al. 2004). Many individual-level 

processes affect mosquito abundance. Individual mosquitoes use different microhabitats that 

affect developmental processes, resulting in variation between individuals in survival, 

growth, and reproduction. Temperature affects many factors influencing population 

abundance (e.g., immature development time, Day et al. 1990a, Reisen 1995, Mahmood and 

Crans 1998; growth, Day et al. 1990b; flight activity, Bidlingmayer 1974; adult survival, 

Alto and Juliano 2001, Delatte et al. 2009, Paaijmans et al. 2010, Lambrechts et al. 2011, 

Alto and Bettinardi 2013). The interaction of climate and individual-level development 

processes results in variable population dynamics across spatial scales. Climate also 

influences aspects of community structure, such as larval resources or vertebrate 

populations, which can affect mosquito survival and reproduction. Individual mosquitoes 

vary in sugar or blood feeding, and may exhibit repeatable preferences for specific types of 

bloodmeal hosts (Edman 1989) that affect fecundity and thus population abundance. Such 

factors have been included in models of mosquito populations or mosquito-borne disease at 

aggregate levels (e.g., Sota and Mogi 1989; Focks et al. 1995; Lord and Day 2001a,b) but 

rarely at an individual level, as is needed to assess how individual variation in microclimate 

choice, norms of reactions, and food choices interact to affect population characteristics. 

Individual-based models would be useful in understanding how different functional forms 

for individual-level relationships with environmental variables affect population 

characteristics. Using an individual-based model, Magori et al. (2009) showed that adult 

dispersal at an individual level interacted with environmental heterogeneity to affect 

population density in a relatively small population. Exploratory models would be valuable to 

identify individual-level factors that can be simplified and where details are needed to 

predict mosquito abundance and risk of transmission at the population or community levels.

Individual-Level Summary—Relationships among vertebrate host viremia, mosquito 

susceptibility, and virus diversity have direct implications for understanding larger scale 

issues. For example, the community composition of vertebrate hosts determines the viremias 

available to mosquito populations and interacts with individual-level mechanisms resulting 

in populations of infectious vectors. Individual-level mechanisms govern relationships 

between vertebrate host viremia, virus diversity, and vector susceptibility, and are essential 

to understanding the importance of different vertebrate hosts in disease epidemiology. It is 

important to understand the effects of ecosystem level factors such as community structure 

and environmental variation on interactions and vector competence at the individual and 

population level.

Beyond-Individual Levels

Beyond within-individual processes, we consider two types of effects: factors that are by 

nature functions of aggregated individuals (age structure in a mosquito population), and 

community interactions, where individuals of different species are interacting (a mosquito 

feeding on a bird). Clearly, individual-level factors will modify transmission dynamics at 

coarser levels, as host choice, species abundance, and behavior affects contact between 

individuals and thus community-level characteristics.
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Vertebrate Defensive Behavior—Success in blood feeding depends on host defensive 

behavior (e.g., avian defensive behavior, Edman and Kale 1971, Webber and Edman 1972, 

Edman and Scott 1987). Highly defensive vertebrate hosts are unlikely to provide many 

bloodmeals and thus are unlikely to serve as efficient amplification hosts for viruses. Host 

defense depends on the total biting pressure experienced and thus on entire mosquito and 

vertebrate host communities. Community structure can impact individual-level processes by 

altering the likelihood of success of a feeding attempt and changing the distribution of 

vertebrate hosts used, consequently affecting vector survival and fecundity.

Mosquito Abundance—The individual-level characteristics discussed above influence 

the abundance of vectors at population and community levels. Environmental variation 

differentially influences development times of individuals from different species resulting in 

the asynchronous emergence of mosquito populations, changes in population age structure, 

and temporal differences in activity patterns. Seasonality in mosquito vectors can affect the 

dynamics of vector-borne pathogens (e.g., Anderson and May 1991 and references therein; 

Lord et al. 1996a,b; Randolph et al. 2000; Lord and Day 2001a,b; Bartley et al. 2002; 

Wonham et al. 2004; Lord 2010) and interacts with other seasonal elements to affect 

transmission in modeled systems (e.g., Lord and Day 2001a,b; Lord 2010).

Age Structure—The age structure of mosquito populations change over time, varies 

between species, and can be influenced by environmental factors (e.g., Ferro et al. 1995, 

Walker 2001, Vitek et al. 2008, Bustamante 2009). Older mosquito populations present a 

higher risk of arbovirus transmission (e.g., Day and Curtis 1994) because a higher 

proportion of the mosquito population may have taken infectious blood-meals and 

completed the EIP. Models have shown that variations in weather, landscape, and resources 

(oviposition sites and vertebrate hosts) can influence the age structure of a mosquito 

population (Bustamante 2009). The mechanisms driving the age structure of a vector 

population are complex and include individual, species, and environmental factors. 

Variations in age structure between vector populations may affect community dynamics and 

vertebrate host behavioral responses, modifying transmission risk at the community or 

ecosystem level. Conversely, environmental factors affect individual survival, oviposition, 

and host-seeking behavior, modifying population age structure.

Transmission Cycles—Vector-borne pathogen epidemiology requires the interaction of 

vectors, vertebrate hosts, and pathogens for transmission. A common approach to modeling 

these interactions is a population-level compartmental transmission model, focused on 

selected areas of interest and including a subset of species in a community. Such models 

require simplifications of the complex individual-level mechanisms and community 

structure, and the choice of these simplifications will affect the model outcomes and 

conclusions. In one example, Lord and Day (2001a,b) developed models for SLEV and 

WNV with the transmission rate defined as a fixed proportion of mosquitoes becoming 

infectious after biting infectious birds. Transmission rates varied between vertebrate host 

types (bird species or age-groups), and these rates affected likelihood and severity of 

outbreaks in bird populations. Assumptions about the transmission term in WNV models 

affect the modeled transmission dynamics (Wonham et al. 2006). Currently the effect of 
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variation in individual-level mechanisms on pathogen dynamics at the population level is not 

predictable. Further work is needed to understand whether individual-level variation affects 

transmission in ways that cannot be simplified into transmission rates averaged over groups 

such as mosquito species or vertebrate host types.

Community Structure—Interactions at the community level influence vector-borne 

disease epidemiology. For example, competition between mosquito species for resources, 

predation, and interactions between pathogens in both vertebrates and mosquitoes may affect 

the transmission of a particular pathogen. This has not been examined in detail, although 

there are a few examples of such interactions (Alto et al. 2005, 2008a,b; Juliano 2009).

Diversity in the vertebrate host community variably affects pathogen epidemiology 

depending on the characteristics of the hosts and their interaction with the pathogen. When 

all vertebrate hosts are competent to some extent, additional vertebrate host species 

generally increases pathogen transmission (e.g., Rogers 1988; Lord et al. 1996b, 1997; 

Randolph and Dobson 2012; Roche et al. 2013). If some vertebrate host species are sources 

of blood for the vector but are not competent for the pathogen, transmission is reduced (the 

dilution effect, e.g., Schmidt and Ostfeld 2001, LoGiudice et al. 2003, Keesing et al. 2006, 

or zooprophylaxis, e.g., Sota and Mogi 1989). Roche et al. (2013) found that a similar effect 

may occur with multiple vectors. Some pathogens may have multiple vectors that overlap in 

space or time. Models of WNV indicate that vectors present at different times of the year 

influence the likelihood of virus establishment and persistence following an introduction, but 

the variation between vector species in components of transmission should also be 

considered (Lord 2010). Developing models considering complex associations of vectors 

and vertebrate hosts will aid in assessing which combinations are epidemiologically 

important.

Environmental Impact on Spatial and Temporal Pathogen Transmission 
Patterns: Case Study of SLEV—The interaction of competent mosquito vectors with 

competent vertebrate hosts depends on their overlap. This is often linked with environmental 

factors, particularly rainfall and temperature. These affect the population structures of 

mosquito vectors and avian amplification hosts and, in turn, affect the transmission of 

mosquito-borne pathogens such as SLEV (Day 2001). Regional climatic conditions directly 

affect sympatric mosquito and bird populations. The cycling of drought and rainfall drives 

the regional reproductive behaviors of mosquito vectors such as Culex nigripalpus Theobold 

(Shaman et al. 2002) and Culex tarsalis Coquillet (Shaman et al. 2010), avian amplification 

hosts (Shaman et al. 2003), and SLEV and WNV transmission in the southern half of Florida 

(Shaman et al. 2002) and Colorado (Shaman et al. 2010). For example, Cx. nigripalpus will 

wait in the gravid state for suitable oviposition conditions. Favorable environmental 

conditions will continue to produce young adults, but conditions reducing oviposition sites 

will result in an older female population with gravid females waiting for oviposition sites 

(Day and Curtis 1994). In contrast, Culex pipiens quinquefasciatus Say oviposit in 

permanent freshwater habitats (Bentley and Day 1989), so oviposition sites are constantly 

available. The result is a shortened gonotrophic cycle (Elizondo-Quiroga et al. 2006) and 
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less variation in age structure. These two dramatically different oviposition strategies lead to 

different interactions with vertebrate hosts.

Epidemic transmission of SLEV in Florida is restricted to the southern half of the state (Day 

2001). Epidemic transmission of SLEV requires the coexistence of large numbers of 

susceptible mosquitoes and avian amplification hosts and environmental conditions that slow 

the Cx. nigripalpus reproductive cycle. The drought–rainfall cycles found in south Florida 

result in Cx. nigripalpus transmission of SLEV and WNV. Such rainfall patterns do not 

occur in north Florida. Modeling of the hydrology in south Florida found patterns of water 

dynamics associated with SLEV transmission consistent with these biological responses 

(Shaman et al. 2002). This illustrates how an understanding of environmental modification 

of vector-borne pathogen cycles at community levels is a prerequisite for determining the 

spatial and temporal patterns of human disease outbreaks. Inclusion of these connections in 

models is necessary to improve comprehension of how epidemiology varies in space and 

time.

Future Directions

Critical questions remain: How does individual variation in mechanisms affect the 

population-level density of infectious mosquitoes and thus community-level transmission? 

How does individual mosquito and vertebrate behavior affect contact between mosquitoes 

and vertebrate hosts, and thus transmission? Experimental work on variation in vector 

competence mechanisms and the impact on species-level vector competence is critical. 

Heterogeneity and issues of scale should be considered during experimental design. Models 

of transmission cycles including individual-level mechanisms and interactions between 

individuals will be useful in assessing impact.

One approach might be to divide the host population into multiple classes with different 

average viremias, each affecting a class-dependent transmission rate. This would be 

expected to behave similarly to the transmission model of Lord and Day (2001a,b), albeit 

with more vertebrate host classes. The importance of different transmission rates in the 

vertebrate host classes is likely to depend on the parameter ranges. There are likely regions 

of parameter space where differences in transmission rates will affect the transmission 

dynamics; however, to determine this will require data on the interaction of mosquitoes and 

vertebrate hosts in a variety of systems. Another method might use a probabilistic approach 

as was used to consider the effect of vertebrate host viremia on vector infection (Lord et al. 

2006). Both vertebrate hosts and mosquitoes could be tracked in terms of a distribution 

across a dimension of “transmissibility.” In some ways, this would be an intermediate 

between compartmental and individual-based models, with more variation in the interaction 

between vertebrate hosts and vectors than the compartmental approach but still using groups 

of individuals. Exploration of nonlinear relationships between environmental (e.g., 

temperature, rainfall) and biological variables (e.g., vector competence) is critical. Because 

there are few data available to estimate these relationships, modeling would be largely 

exploratory, but would focus research on critical areas.

As an example of such exploratory work on the interactions between different processes, 

consider the probability distribution for the virions needed for a mosquito to become 
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infected in addition to the distribution of virions in the bloodmeal as previously presented 

(Lord et al. 2006). Rather than assuming the distribution of virions in bloodmeals was 

normally distributed, and considering fixed numbers of virions needed for infection, we 

assume the distributions of virions in the bloodmeal and the number of virions needed for 

infection follow a gamma distribution, with different parameters. The number of virions 

needed for infection is assumed to be sufficient for the mosquito to become infectious, and 

losses during the latent period are ignored. The gamma distribution was chosen to illustrate 

the effect of variation in the shape of the distribution. The true distribution of these 

parameters is unknown, and is influenced by many of the mechanisms discussed here (e.g., 

vector competence, vertebrate host factors, virus genetics).

A population of 1,000 mosquitoes was generated, each with a number of virions x needed 

for infection randomly drawn from a gamma distribution (Devore 1982) with parameters a 

and b. Likewise, a population of 1,000 birds was generated, each of which would deliver y 
virions in a mosquito bloodmeal, randomly drawn from a gamma distribution with 

parameters α and β; 1

where φ and ψ are offsets that shift the starting point of the gamma distributions. This 

provides a lower bound to the distribution such that minimum value of x is φ and of y is ψ. 

Values of 500 or 520 virions were considered for both φ and φ. This placed the distributions 

in approximately the same range of virions as used previously (Lord et al. 2006). Γ(a) and 

Γ(α) are the standard gamma functions for a and α, respectively. For convenience, a = b and 

α = β; these parameters alter the shape of the distribution (Fig. 1). Each mosquito then 

randomly bit a bird. Birds could be bitten more than once but each mosquito only bit once. 

For each bite, if y ≥ x the mosquito became infectious; otherwise the mosquito remained 

uninfected. This was repeated 1,000 times for each value of a and α and for offsets of 500 

and 520 (for both x and y), and a total infectious rate for the population (number infectious 

out of 1,000 mosquitoes) was determined. The highest number of infectious mosquitoes 

occurs when the distribution of the number of virions needed for infection (x) is relatively 

peaked (low a), but the virions in the bloodmeal (y) has a flatter distribution (high α; Fig. 

2A). The offset also strongly affects the number of infectious mosquitoes in the population, 

changing the sensitivity to a and α (Fig. 2B). The most sensitivity to a and α is observed 

when both offsets were the same, indicating that the shapes of the distributions were 

important in determining the number of infectious mosquitoes. These distributions are likely 

to be affected by many factors, but currently data are not available to choose distributions or 

parameter values for specific situations. This example illustrates how models can provide 

insight into how factors interact and how individual-level mechanisms can influence.

In addition to theoretical exploration, empirical studies of how interactions among factors 

affect vector competence are needed. For example, Richards et al. (2007, 2009, 2010) 

showed that environmental variables influence mosquito vector competence in complex 
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interactive nonlinear ways. Because of the complexity of the research required, use of 

modeling studies and appropriate statistical techniques in the planning stages will be 

essential.

Mosquito Mortality

Vector mortality influences vector-borne pathogen epidemiology, through effects on vector 

survival through the latent period (Dye 1992, Bellan 2010) and on vector abundance (Juliano 

2007). Mortality rates depend on environmental influences, and vary spatially and 

temporally as well as between vector species or populations. Although vertebrate host 

mortality can also affect transmission cycles, typically vertebrate life spans are long relative 

to vector life spans and the duration of infection and so have less effect on the system. Here 

we will consider only mosquito mortality.

Individual Level

The probability of mortality of an individual mosquito is affected by many factors, including 

environmental factors such as temperature and humidity and biotic factors such as age, 

infection with pathogens, and behavior. Interactions with other individuals also affects 

mortality, either directly through predation or interference competition (Case and Gilpin 

1974, Vance 1984, Amarasekare 2002), or indirectly through population-level effects such as 

vertebrate host defensive behavior and exploitative resource competition (Tilman 1982, 

Juliano 1998).

Adult Stages—Temperature and adult nutrient reserves (e.g., Nayar 1968; Nayar and 

Sauerman 1971a,b; 1975a,b,c; Alto and Juliano 2001; Delatte et al. 2009; Paaijmans et al. 

2010; Vrzal et al. 2010; Xue et al. 2010; Lambrechts et al. 2011; Alto and Bettinardi 2013) 

have long been known to affect mortality, and recent work has shown effects of pathogens 

(Suchman et al. 2006, Dawes et al. 2009, Lambrechts and Scott 2009, McMeniman et al. 

2009) and mosquito age (Styer et al. 2007a,b; Harrington et al. 2008; C.C.L., unpublished 

data). While temperature effects have been included in models (e.g., Focks et al. 1995; Lord 

and Day 2001a,b), few studies have examined the effects of age or behavior on mortality and 

consequent effects on community-level characteristics like transmission. Many studies 

underscore the importance of incorporating nonlinear rates of adult mortality in models of 

mosquito-borne pathogen transmission (e.g., Clements and Paterson 1981; Styer et al. 

2007a,b; Bellan 2010) and heterogeneity between individuals or subgroups may also be 

important.

Models have shown that adult mosquito mortality affects mosquito-borne disease 

epidemiology (e.g., Ross 1911; Macdonald 1957; Garrett-Jones 1964; Dye 1986a,b, 1992; 

Lord and Day 2001b, Luz et al. 2003; Medlock et al. 2009, Bellan 2010), but this has largely 

been studied using population-level averages. The role of individual-level mechanisms 

driving mortality and heterogeneity in mortality is not well known.

Age-dependent mortality has been shown in several species, often increasing with age (e.g., 

Cx. nigripalpus, C.C.L., unpublished data; Aedes aegypti L., Styer et al. 2007a,b; Harrington 

et al. 2008), or with temperature and age, including interactions between these factors 
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(Anopheles stephensi Liston, Dawes et al. 2009). However, age-dependent mortality has 

rarely been incorporated into theoretical studies of mosquito-borne pathogens (Bellan 2010). 

Age-specific hazard rates may change depending on reproductive status (number of 

gonotrophic cycles) and cumulative blood feeding (e.g., Aedes albopictus Skuse, Leisnham 

et al. 2008).

Both environmental factors and attributes of mosquito biology (e.g., senescence) contribute 

to nonlinear mortality rates and increased heterogeneity between individuals. Do we need to 

explore the individual-level mechanisms, or are population or species-level averages 

sufficient approximations to understand transmission?

Larval Stages—Larval mortality may have consequences for the phenotypes of survivors, 

affect other species in the community, and have direct impacts on mosquito population 

abundance. For example, predator-mediated release from larval competition allows 

accelerated development (Grill and Juliano 1996; Juliano et al. 2010; Alto et al. 2012a,b) 

and enhanced growth (Grill and Juliano 1996) among mosquito survivors. Other adult 

characteristics, such as size, may also be altered in the survivors and consequently affect 

adult survival and transmission. The presence of predators that induce mortality may lead to 

trophic cascades in food webs. For instance, predation by the backswimmer, Notonecta 
maculata F., on larval Culiseta mosquitoes results in increased abundance of diatoms 

(Blaustein et al. 1995). The mosquito Wyeomyia smithii Coquillet acts as a keystone 

predator in the pitcher plant Sarracenia purpurea L, and larval density can affect the 

architecture of the food web (Cochran-Stafira and von Ende 1998, Kneitel and Miller 2002). 

Such trophic cascades can affect larval resource availability, thus affecting the survival and 

adult characteristics of the emerging mosquitoes and potentially subsequent larval cohorts. 

More information is needed on the interactions of food webs involving mosquitoes and the 

potential effects on transmission.

Control practices inducing mortality in mosquito vectors are often assumed to act additively 

with other sources of mortality, resulting in lower adult population size. However, both 

compensatory mortality and overcompensation (Juliano 2007) can occur. Compensatory 

mortality occurs when the added mortality balances the release from competition, with no 

net change in the adult population (Washburn et al. 1991, Washburn 1995). 

Overcompensation occurs when the release from competition with added nondensity 

dependent mortality allows a greater proportion of the larval population to emerge than in 

the absence of the additional mortality factor (e.g., control; Service 1985, Washburn et al. 

1991, Washburn 1995). For example, larval competition can be severe in container-

inhabiting mosquitoes (e.g., Ae. albopictus, Ae. aegypti), such that many individuals die in 

the larval stage. If competition is reduced (fewer larvae in a container), more individuals 

may survive to contribute to the adult population. Sources of mortality may act in non-

additive ways, particularly if some are density-dependent and some density-independent and 

the net effect on adult population size may be difficult to predict. Although there are multi-

age-class models incorporating immature stages (e.g., Dye 1984, Gimnig et al. 2002, 

Ahumada et al. 2004, Hancock and Godfray 2007), understanding the relative impact of 

density-dependent mortality on recruitment to the adult stage and subsequent consequences 

for transmission is still in a rudimentary stage. Mortality of individuals via mosquito control, 
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density-dependence, or predation could alter the distribution of phenotypes in the 

populations. For example, mortality could change the distribution of biting behavior and 

susceptibility for pathogens, affecting transmission.

Individual-level mechanisms such as predator avoidance can affect competitive interactions 

(Kesavaraju and Juliano 2004, Kesavaraju et al. 2007), with consequent effects on 

population size and transmission dynamics. Environmental conditions experienced by 

immature stages may have latent effects that affect adult mortality and other characteristics. 

Density-dependent effects from larval competition resulted in increased adult mortality in 

Aedes triseriatus Say and Aedes japonicus Theobold (Alto 2011). Effects on adult mortality 

from larval competition and nutrient limitation have also been observed for Cx.p. 
quinquefasciatus (Vrzal et al. 2010), Culex pipiens L. (Alto et al. 2012b), Wy. smithii 
(Bradshaw and Holzapfel 1992), and other Aedes species (Hawley 1985, Reiskind and 

Lounibos 2009). Larval nutrition can affect adult size (e.g., Juliano 1998, Reiskind and 

Zarrabi 2012), and larger mosquitoes have shown an increased life expectancy in some 

studies (Hawley 1985, Lounibos et al. 1990, Bradshaw and Holzapfel 1992, Takken et al. 

1998), but not all (Moeur and Istock 1980, Leisnham et al. 2008). Heterogeneity in larval 

conditions likely increases heterogeneity in both larval survival and individual adult 

mosquito mortality, affecting community-level transmission dynamics. The inclusion of 

heterogeneity in mortality may improve the predictive power of models of vector-borne 

pathogens.

Beyond-Individual Levels

Individual-level mortality is often aggregated into a population level mortality rate, which 

influences both mosquito population dynamics and transmission. However, this assumes that 

mosquito mortality is constant over time (reviewed in Bellan 2010), age, and environment. 

These assumptions have not been verified for most vectors. Mortality rates in adult 

mosquitoes likely vary over time and influence transmission by effects on population age 

structure, survival during the EIP, and longevity after the mosquito becomes infectious 

(Styer et al. 2007a,b; Harrington et al. 2008; C.C.L., unpublished). Transmission dynamics 

are especially sensitive to population-level vector mortality rates when the EIP of the 

pathogen approaches life expectancy (Bellan 2010). Additional information is needed to 

determine how sensitive models of vector-borne diseases are to different mortality functions 

over age (e.g., Weibull, Gompertz, and logistic; Clements and Paterson 1981; Styer et al. 

2007a,b; Delatte et al. 2009) and whether transmission is affected in nature.

Density-dependent processes that induce larval mosquito mortality may act to regulate adult 

populations (Juliano 2007; e.g., Ae. aegypti, Dye 1984; Cx. p. quinquefasciatus, Ahumada et 

al. 2004; Anopheles gambiae s.s Giles., Gimnig et al. 2002), modify characteristics of 

survivors, and influence community structure. Other sources of mortality may also influence 

adult populations and adult characteristics, and interact with density-dependent processes. 

Resulting compensatory mortality or overcompensation will affect community structure and 

interactions between the mosquitoes and hosts. The processes determining how these effects 

are related to transmission are not well understood.
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Pathogens may be transmitted by multiple vectors with different life history traits. These 

variations can then affect their effectiveness as vectors. Interactions determined by 

community structure such as predation and interspecific competition may affect mortality, 

influencing the relative contributions of multiple vector species to transmission. Differential 

mortality among mosquito species may play a role in determining distribution patterns of 

mosquito vectors. The following two cases exemplify how community-level processes which 

partially determine vector distribution can influence disease transmission.

Case 1: Dengue Virus (DENV)—The range of the invasive mosquito Ae. albopictus has 

expanded in recent decades (O’Meara et al. 1995, Moore and Mitchell 1997, Moore 1999, 

Lounibos 2002, Santos and La 2003). In the continental United States, the spread of Ae. 
albopictus has been associated with declines in the abundance and distribution of Ae. 
aegypti. Field and laboratory investigations have demonstrated that larval resource 

competition (Barrera 1996, Juliano 1998, Braks et al. 2004, Juliano et al. 2004, Murrell and 

Juliano 2008) and adult interference competition (asymmetric mating interference, 

Bargielowski et al. 2013) are, in part, responsible for these observed changes in Ae. aegypti 
distribution. These species vary in their vector competence for DENV (Whitehead et al. 

1971, Chen et al. 1993, Vazeille et al. 2003); changing abundance will affect DENV 

epidemiology. Differential mortality and reproduction of these species, attributable to 

competition favoring Ae. albopictus, has community-level consequences, influencing the 

distribution of both vectors and transmission of DENV (Fig. 3A).

Case 2: La Crosse Encephalitis Virus (LACV)—Alterations in community processes 

that determine the geographic distribution of the primary vector, Ae. triseriatus, will 

influence the risk of LACV transmission. This species exists in a community with 

competing mosquito species (e.g., Ae. albopictus) and larval predators (e.g., Toxorhynchites 
rutilus Coquillet and Corethrella appendiculata Graham). Empirical studies and theoretical 

models have demonstrated that differential mortality attributable to predation on the 

immature stages of Ae. triseriatus and Ae. albopictus facilitates their coexistence (Juliano 

and Lounibos 2005, Alto et al. 2009, Juliano et al. 2010). In the presence of predators, Ae. 
triseriatus adopts antipredatory behaviors to a greater degree than Ae. albopictus, resulting in 

lower predation rates (Kesavaraju and Juliano 2004, Kesavaraju et al. 2007). This allows an 

increased likelihood of coexistence of the two species, likely altering the mosquito 

community dynamics and thus LACV epidemiology (Fig. 3B). Modeling studies would be 

valuable in exploring how the complex interactions between these mosquito species affects 

LACV epidemiology. These examples illustrate how community-level processes attributable 

to differential mortality among immature stages, operating at the small spatial scale of single 

water-filled containers, have large scale consequences on the regional and global distribution 

patterns of mosquito vectors.

Future Directions

Further studies are needed to determine how environmental conditions (e.g., temperature, 

water dynamics, resource availability), biotic interactions (e.g., competition, predation, 

parasitism), and attributes of mosquito biology (e.g., age, nutrient reserves, infection with 

pathogens) influence the shapes of mortality functions of adult mosquitoes. Investigations of 
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the effects of population age-structure on transmission are critically needed. How sensitive is 

disease transmission to mortality rates when there is a stable age distribution compared with 

a variable age-structure, especially when multiple vectors may be responsible for 

transmission of a particular pathogen? There is a need for a better understanding of the 

relationship between larval and adult density, the influence of different sources of mortality, 

and the effect on transmission. Models which consider processes at different levels of 

biological organization will contribute to understanding disease transmission and developing 

effective mosquito management strategies. Interpretation of model results will be 

strengthened by validation with independent comparisons to field data, requiring carefully 

designed field experiments. Can we identify the key elements so models will be able to 

predict outbreaks or appropriately test control programs? Incorporation of different scales 

into models and validation studies will present challenges which will require a balance 

between the inclusion of adequate details and application of appropriate sensitivity analyses 

(Lord 2007).

Summary

Ultimately, our goal is to understand the dynamics of vector-borne disease to mitigate the 

effects on vertebrate hosts of interest, whether those are humans, domestic animals, or wild 

animals. The transmission dynamics of vector-borne pathogens are the result of an intricate 

interplay of individual characteristics which combine to influence population and 

community-level processes. Community structure influences individual processes in ways 

we are only beginning to understand for mosquitoes. Improving our understanding of these 

links between scales and levels will facilitate extrapolating information at one level or 

location to predictions of transmission dynamics across time, space, and communities.

There are many potential interactions between various scales and levels of biological 

organization. We have illustrated this with selected examples, and a few stand out as critical. 

Variation between individual vectors in mechanisms, determining individual vector 

competence or survival, will affect population level characteristics such as transmission or 

vector abundance. Variation in individual vector characteristics affects interactions with 

vertebrate hosts at the community level and will generate heterogeneity within and between 

communities that influence transmission. These community-level changes feed back into 

influence individual-level changes in ecological interactions such as blood feeding, 

predation, and competition. These ecological interactions then affect individuals in aspects 

such as movement patterns, survival, and fecundity, further influencing transmission 

between individuals and population-level dynamics. Heterogeneity and scale in 

environmental factors in both space and time will interact with these biological 

characteristics, resulting in dynamics that vary in space, time, and with community structure.

Issues of scale, particularly scales of biological organization, affect our understanding of 

vector-borne pathogen cycles. We must be aware of how this affects our research design and 

interpretations. Studies are needed at local levels with comparisons among and between 

habitats and mosquito and vertebrate communities. Laboratory studies on mechanisms at the 

individual level will be needed to assess variation between populations or species. Models 

incorporating different levels of biological organization and different biological scales will 
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be needed to assess potential effects of variation at one scale on transmission dynamics at 

other scales. Specific questions and methods will depend on the system. Our challenge to the 

vector biology community is to be aware of the scales and levels of specific studies and how 

this influences our interpretation of results. The challenge to vector biology is enormous and 

will require studies by multiple researchers spanning multiple disciplines. This is illustrated 

by the wide range of studies and investigators cited in this selective discussion. It is essential 

that the research community encourages a longer view and the careful design of smaller 

scale studies so results can be integrated to provide information about how these complex 

vector–pathogen systems operate at larger scales.
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Fig. 1. 
Examples of gamma distributions with different parameter values. φ = 500; a = b 

(equivalently, α = β). Note the different shapes of the distribution with different parameter 

values. The offset (φ) moves the distributions right such that the curve starts at φ.
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Fig. 2. 
Number of infectious mosquitoes is affected by parameters of gamma distribution and 

offsets. (A) φ = ψ = 500; a is the value of both gamma distribution parameters (a = b) for the 

number of virions needed for infection; α is the value of both gamma distribution 

parameters (α = β) for the number of virions in the bloodmeal. The number of infectious 

mosquitoes is maximized when the number of virions in the bloodmeal has a relatively flat 

distribution (high α) and the number of virions needed for infection has a relatively peaked 

distribution (low a). Results were similar when both offsets were 520. (B) Sensitivity to the 

offset values used. Upper plane (white), ψ = 520 and φ = 500. Bottom plane (gray), ψ = 500 

and φ = 520. The infection rate is higher and more sensitive to the shape of the distribution 

when ψ > φ, as this increases the probability that y > x.
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Fig. 3. 
Links and interactions between levels of biological organization. Only those interactions 

discussed in the text are shown; many more interactions are likely. Darker arrows indicate 

stronger effects when asymmetric. (A) Aedes and DENV, with asymmetric larval and mating 

competition. (B) Aedes and LACV, with predation on larvae differentially affecting growth 

and survival.
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Table 1

Examples of different types of scales, points along those axes, and some key processes that occur at those 

points for vector-borne pathogen systems

Level
Scale axis

Spatial Temporal Biological organization

Micro Local Days–months Within individual

 Adult microhabitat choice  Epidemics  Immunology

 Gene expression

 Vector competence

Intermediate Regional Multi-year Populations

 Niche modeling  Seasonality, endemic cycles  Vectorial capacity

 Watershed dynamics  Invasion biology

 Transmission dynamics

Macro Global Decadal and longer Community/Ecosystem

 Comparative epidemiology  Effects of climate change  Food webs

 Eco-epidemiology

The scales are continuous and we denote specific points along them for convenience in discussion; many processes occur at multiple levels. 
Interactions between the scale axes and between the points along the scales are common and an integral part of understanding how issues of scale 
impact vector-borne disease and study design and interpretation.
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