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CHAPTER 6

Environmental Drivers of Vector-Borne

Diseases

Marta S. Shocket, Christopher B. Anderson, Jamie M. Caldwell,
Marissa L. Childs, Lisa I. Couper, Songhee Han, Mallory J. Harris,
Meghan E. Howard, Morgan P. Kain, Andrew J. MacDonald, Nicole Nova,

and Erin A. Mordecai

6.1 Introduction

Infection by vector-borne pathogens emerges from
the abundances, traits, and interactions of arthro-
pod vectors, hosts, and pathogens. These physio-
logical and ecological processes are mediated by the
biophysical environment. Consequently, the trans-
mission of vector-borne disease is sensitive to envir-
onmental conditions. Global environmental change
has already triggered rapid shifts in the spatial and
temporal patterns of vector-borne diseases
(Kilpatrick & Randolph 2012), with important con-
sequences for human health and economic well-
being. Each year vector-borne diseases cause
one-sixth of worldwide human illness and disabil-
ity, resulting in more than one million deaths (World
Health Organization 2014), and cost billions of dol-
lars in agriculture and livestock losses (Forum on
Microbial Threats 2008). Understanding the envir-
onmental drivers of transmission is critical for pre-
dicting and responding to vector-borne disease in
an age of accelerated human-driven environmental
change.

For sustained transmission of vector-borne dis-
ease, vectors must be present and abundant, bite
infected hosts to acquire the pathogen, become

infectious, and bite and infect new susceptible
hosts. These processes are mediated by environ-
mental factors, including temperature, humidity,
rainfall, and habitat (Fig. 6.1). Temperature and
humidity alter vector physiology, influencing traits
such as behavior, reproduction, development rate,
survival, biting rate, susceptibility, and ability to
transmit pathogens (Bayoh 2001; Mordecai et
al. 2019; Ogden et al. 2004; Thomas & Blanford 2003;
Vail & Smith 2002). Temperature also moderates
pathogen proliferation within vectors (Liu-
Helmersson et al. 2014; Mordecai et al. 2019; Paull et
al. 2017). Meanwhile, the amount of rainfall can
drive the reproduction of vectors that use aquatic
habitats for breeding (Cheke et al. 2015; Gao et
al. 2017; Koenraadt et al. 2004; Reisen et al. 2008),
and alter vector-host contact rates (Knap et al. 2009;
Vail & Smith 2002). Vector life history traits influ-
ence vector population abundance and contact with
hosts, while vector, pathogen, and host traits gov-
ern the rate at which vectors become infectious.
Land use and habitat influence nearly every com-
ponent of the transmission cycle: both vector and
host traits and abundances, community composi-
tions, and contact rates (Allan et al. 2003;
Despommier et al. 2006; Ezenwa et al. 2006;
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Figure 6.1 Effects of environmental drivers on vector-borne disease transmission. For transmission to occur, hosts and vectors must overlap in
space and time, vectors must contact hosts, vectors must be competent to acquire and transmit the pathogen, and hosts must be susceptible.
Many of these processes are affected by environmental drivers like habitat type and quality, temperature, humidity, and rainfall. Climate change
and land use change in turn impact these drivers. Arrows between the four main environmental drivers and physiological/ecological processes
illustrate effects that occur in many vector-borne disease systems. Variation in host susceptibility primarily stems from other factors, such as genetic
variation and prior pathogen exposure (although in some cases, including for many plant hosts, environmental variation may additionally affect

host susceptibility). Together these processes determine disease risk.

Ferraguti et al. 2016; Lane et al. 2007; Murdock
et al. 2017).

As transmission of vector-borne disease is mod-
erated by environmental conditions, shifts in these
drivers can alter the spatial and temporal patterns
of transmission. Anthropogenic climate change is
altering temperature and precipitation patterns

(Wu et al. 2016). These global changes modify local
climatic conditions and are predicted to decrease
suitability for transmission in some areas while
increasing it in others (Altizer et al. 2013;
Lafferty 2009; Lafferty & Mordecai 2016). Further,
climate change is increasing the frequency of
extreme weather events such as droughts, floods,
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and hurricanes (Cai et al. 2014; Fischer &
Knutti 2015), which impact transmission (Caillouét
et al. 2008; Pontes et al. 2000; Shultz et al. 2005).

In addition to climate change, people are trans-
forming landscapes at an unprecedented rate in
order to support an increasing human population
(Foley 2005; Lambin et al. 2010). Economic pres-
sures and the need for resources drive activities
such as agriculture, rangeland/grazing, logging,
mining, and suburban and urban development
(Lambin et al. 2001; Patz et al. 2004). This land use
change is a powerful modifier of vector-borne dis-
ease transmission (Gottdenker et al. 2014; Patz et al.
2000, 2004) because it fundamentally alters ecosys-
tems and ecological communities, with cascading
effects on climate, extreme weather events, hydrol-
ogy, and soil health (Fu 2003; Houghton 1999;
Lambin et al. 2001; Sterling et al. 2013; Tolba &
El-Kholy 1992). As a result, land use change can
affect disease transmission by impacting the avail-
ability and suitability of habitat for vectors, local
climatic conditions (Murdock et al. 2017;
Vanwambeke et al. 2007), vector-host contact rates
(Gottdenker et al. 2014; Larsen et al. 2014;
MacDonald et al. 2019), interactions of vectors with
competitors and predators (Devictor et al. 2008;
Didham 2010), and human behavior (Berry et al.
2018; Larsen et al. 2014).

In this chapter, we synthesize research on envir-
onmental drivers of vector-borne disease. We
emphasize the horizontal transmission between
vectors and hosts that drives most outbreaks, and
focus primarily on pathogens that infect humans,
referencing pathogens of livestock, wildlife, and
plants when they provide unique or contrasting
examples of biological mechanisms. We define
‘environmental drivers’ to include climate factors
(including temperature, humidity, and rainfall) and
habitat factors (including habitat type, land use,
and plant communities). First, we briefly describe
the biology of vector life cycles and pathogen trans-
mission to highlight underlying mechanisms for
environmental impacts on vector populations and
disease transmission (Section 6.2). Next, we synthe-
size how climate (Section 6.3) and habitat and land
use (Section 6.4) impact transmission, highlighting
general patterns, contrasts among systems, and
connections across biological scales from trait

responses to population dynamics and range limits.
We then discuss approaches and major challenges
to understanding environmental drivers of vector-
borne disease (Section 6.5). Finally, we propose
future directions that leverage new data sources
and technologies (Section 6.6).

6.2 Biology of Vector Life Cycles and
Pathogen Transmission

Vector taxa vary widely in life histories. Here, we
briefly describe the biology of dipteran, hemip-
teran, and ixodid tick vectors, the three taxonomic
groups that contain the majority of vectors dis-
cussed in this chapter. Then, we highlight the com-
monalities and differences that influence their
sensitivity to environmental drivers.

6.2.1 Vector Life Cycles

Dipteran vectors (including mosquitoes, flies, and
midges) follow similar lifecycles but vary substan-
tially in breeding habitat. Mosquitoes lay eggs in or
near the margins of standing water, with species-
specific preferences for water body characteristics,
including size, salinity, and vegetation or algal
growth (Day 2016). Blackflies lay their eggs on
vegetation above rapidly moving, highly oxygen-
ated streams and rivers (Crump et al. 2012).
Culicoides midges lay eggs in a variety of terrestrial,
semiaquatic, and aquatic habitats (Mellor et al. 2000;
Purse et al. 2015). Sand flies lay eggs in soil, in ani-
mal burrows, or on trees or other substrates
(Feliciangeli 2004; Moncaz et al. 2012). Tsetse flies
develop a single larva in their uterus and deposit it
into soil (Franco et al. 2014b). Despite the differ-
ences in larval habitat, the larvae for all of these dip-
teran taxa consume organic detritus from their
immediate environment (except tsetse flies, which
are nourished by maternal secretions), and ultim-
ately emerge as flying adults that can readily dis-
perse. Adults reproduce continuously (as long as
environmental conditions are suitable), with over-
lapping generations in a given season or year.
Adults of both sexes feed on sugar from plants
(Abbasi et al. 2018; Foster 1995; Kaufmann et
al. 2015; Myburgh et al. 2001; Solano et al. 2015;
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Stone & Foster 2013). Only female adults bite verte-
brate hosts and take blood meals, which are typic-
ally required for each cycle of egg production
(Abbasi et al. 2018; Crump et al. 2012; Foster 1995;
Mellor et al. 2000) (male tsetse flies also blood feed:
Franco et al. 2014Db).

Hemipterans (including aphids, whiteflies, and
leafhoppers) are common vectors for plant diseases
(Canto et al. 2009). Like dipterans, they reproduce
continuously ~with overlapping generations.
However, both immature and adult hemipterans (of
both sexes) live and feed on vascular tissues of the
same plant hosts, although only adults can fly and
easily move between host individuals (Byrne &
Bellows 1991; DeLong 1971). Additionally, many
hemipterans can reproduce asexually (Byrne &
Bellows 1991; DeLong 1971; Miiller et al. 2001). In
particular, many aphid species switch between an
asexual, wingless morph that reproduces more
quickly, and a sexual, winged morph that can dis-
perse much farther (Miiller et al. 2001).

In contrast to those of dipterans and hemipter-
ans, ixodid or ‘hard’ tick life cycles span multiple
years. After hatching from eggs, ixodid ticks
develop through larval, nymphal, and adult stages
that each require a single blood meal from a verte-
brate host (Oliver 1989). The time between life
stages lasts from several months to multiple years
depending on the species and environmental con-
ditions (Padgett & Lane 2001). Although ticks
remain physically associated with their vertebrate
hosts for longer than their dipteran counterparts—
several days for each blood meal—off-host periods
(when they are more sensitive to climate factors)
comprise over 90 percent of an individual tick's
lifespan (Needham & Teel 1991). Rather than fly-
ing, all tick life stages ‘quest’ for passing hosts
from vegetation, and vertebrate host movement
during the on-host period allows for widespread
dispersal.

6.2.2 Pathogen Transmission

Sustained transmission of a vector-borne disease
typically requires the presence of vectors and hosts
that are both susceptible to infection and competent
for transmitting the pathogen. Both vectors and

hosts can vary in their susceptibility (i.e. probability
of acquiring a disseminated infection) and trans-
mission competence (i.e. probability of transmitting
the infection). Much of the variation in transmission
competence stems from differing quantities of
pathogen circulating within the host or vector
(Althouse & Hanley 2015; Nguyen et al. 2013).
Further, the duration of the incubation period (time
between exposure and becoming infectious) and
infectious period (time during which pathogen
transmission is possible) in the vector and in the
host can also vary.

One notable set of exceptions to this general
transmission paradigm is ‘nonpersistent’ patho-
gens, which are transmitted without causing a dis-
seminated infection during one stage of
transmission, either within the vector or host. Many
plant viruses have evolved to be transmitted with-
out infecting the vector, instead becoming tran-
siently associated with vector mouth parts, and
being transmitted as vectors move between host
plants on the order of minutes or hours (Ng &
Falk 2006). Myxoma virus is transmitted to rabbits
by a variety of arthropods in a similar way (Kerr et
al. 2015), although mosquitoes remain infectious for
several days after biting an infected rabbit (Kilham
& Woke 1953). Additionally, some tick-borne patho-
gens are transmitted between ticks that feed simul-
taneously on the same vertebrate host individual
without infecting the host, a process known as ‘co-
feeding’ (Labuda et al. 1997; Voordouw 2015).

Some pathogens are specialized to infect a small
number of host or vector species, while others have
broader host or vector ranges. Further, different
locations support different host and vector commu-
nities. These factors produce a spectrum of trans-
mission types, from primary maintenance in cycles
between vectors and humans (or other host species
of interest) (Sundararaman et al. 2013; Vasilakis et
al. 2011) to maintenance in cycles between vectors
and reservoir hosts coupled with occasional spill-
over to humans (Brock et al. 2016; Estrada-Pena &
de la Fuente 2014; Petersen et al. 2013). Both types
of diseases are expected to respond to variation in
climate and habitat; however, spillover infections
should depend more strongly on effects through
reservoir host communities.
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6.3 Climate
6.3.1 Temperature

Vector and pathogen traits typically depend on
temperature in predictable, nonlinear ways. In gen-
eral, ectotherm performance increases with tem-
perature up to an optimum, and then sharply
declines (Angilletta 2006; Dell et al. 2011; Deutsch et
al. 2008). Many traits related to metabolic rate that
influence disease transmission and vector abun-
dance typically follow this pattern, including biting
rate, vector and pathogen development rates, and
sometimes fecundity (Amarasekare & Savage 2012;
Cheke et al. 2015; Mordecai et al. 2019; Ogden et
al. 2004; Purse et al. 2015). By contrast, traits related
to probabilistic events, such as vector survival in
immature and adult stages and transmission com-
petence, usually have a more symmetrical thermal
response and peak at lower temperatures than other
traits (Alsan 2015; Amarasekare & Savage 2012;
Mordecai et al. 2019; Purse et al. 2015; Takaoka 2015).
These thermal responses have important effects on
disease transmission, especially for diseases trans-
mitted by vectors with continually reproducing
populations. In these systems, population abun-
dances can increase rapidly in response to favorable
increases in temperature (Ogden & Lindsay 2016).
Additionally, as development rates increase, the
corresponding developmental periods shorten,
including the critically important length of time
required for vectors to become infectious. This
pathogen extrinsic incubation period, together with
vector mortality, determines the probability that a
vector survives long enough to become infectious.
Thus, predicting the thermal response of disease
transmission is a quantitatively complex problem
because it depends on combining the nonlinear
thermal responses of many traits (Rogers &
Randolph 2000).

Trait-based models that use these principles of
thermal biology generally predict that disease
transmission peaks at intermediate temperatures
within the relevant range of temperatures vectors
experience (Fig. 6.2). The specific temperature of the
optimum depends on both vector and pathogen
trait responses, and has been estimated to vary
between 19-29°C (Brand & Keeling 2017; Cheke et

al. 2015; Moore et al. 2012; Mordecai et al. 2017,
2019; Takaoka 2015). These models are typically
based on the assumption that trait values depend
on mean temperatures over relatively short time
periods that can be approximated by measuring
traits in the laboratory at constant temperatures.
However, some models also take daily thermal
variation into account, because mean temperature
can be a poor predictor of performance when the
shape of the thermal response is nonlinear, which is
usually the case (Bernhardt et al. 2018; Ruel &
Ayres 1999). In general, temperature fluctuations
increase vector performance and disease transmis-
sion when the mean temperature is near the lower
thermal margin (because vectors are rescued by
spending some of the day in warmer, more favor-
able temperatures), but decrease them when the
mean temperature is near the optimum (because
vectors spend relatively little time at the optimal
temperature) or near the upper thermal margin
(because of harmful effects of heat stress)
(Lambrechts et al. 2011; Liu-Helmersson et al. 2014;
Paaijmans et al. 2010, 2013). These effects of tem-
perature variation can have important impacts on
transmission. For example, in a part of Thailand
where mean temperatures are consistent year-
round, the high transmission season for dengue is
defined by smaller daily fluctuations in tempera-
ture (Lambrechts et al. 2011).

Observed patterns of disease support tempera-
ture as a nonlinear driver of vector-borne disease
transmission. There is a large body of literature
showing positive associations between temperature
and transmission of various vector-borne diseases
(Gao et al. 2017; Lindgren & Gustafson 2001; Naish
et al. 2014; Nnko et al. 2017; Paz 2015; Shocket et
al. 2018; Subak 2003). This positive relationship
between temperature and transmission is particu-
larly clear at high-altitude locations and the edges
of range limits where disease transmission is typic-
ally limited by cool temperatures. For instance, in
the highlands of both Ethiopia and Colombia,
human malaria transmission occurs at higher alti-
tudes in years with higher mean temperatures (Siraj
et al. 2014). There is also a smaller, but growing set
of evidence for reduced transmission of mosquito-
borne diseases at extreme, high temperatures
(Gatton et al. 2005; Mordecai et al. 2013; Pefia-Garcia
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Figure 6.2 For vectors that reproduce continuously, mechanistic
models predict that vector population size and disease transmission
respond nonlinearly to temperature and are maximized at intermedi-
ate temperatures. As temperature increases to the optimum,
transmission is promoted by faster development and higher survival of
the vector and pathogen; as temperature continues to increase
beyond the optimum, transmission is inhibited by lower survival of the
vector. Variation in temperature often explains the seasonality of and
interannual variation in disease transmission, as well as patterns of
disease across latitudinal and altitudinal gradients.

et al. 2017; Perkins et al. 2015; Shah et al. 2019;
Shocket et al. 2020 Variation in temperature helps to
explain variation in vector density or disease trans-
mission at multiple spatial and temporal scales:
latitude (e.g. Geoghegan et al. 2014; Khatchikian et
al. 2012), altitude (e.g. Badker et al. 2003; Zamora-
vilchis et al. 2012), seasonality (e.g. Hartley et
al. 2012; Shocket et al. 2018), and interannual vari-
ation (e.g. Morin et al. 2015; Siraj et al. 2015).

The unimodal response of transmission to tem-
perature suggests that higher temperatures from
global climate change will increase transmission of
vector-borne disease in cooler areas and seasons
and decrease transmission in warmer areas and sea-
sons, shifting geographic range limits and seasonal-
ity (Lafferty 2009; Lafferty & Mordecai 2016;
Medone et al. 2015; Mordecai et al. 2019). For
example, over the next 60 years the hotspot of

Plasmodium falciparum malaria transmission risk in
Africa—where a large number of people are
exposed to high risk year-round—is predicted to
move from the western coastal region (where tem-
peratures are currently optimal) to the eastern high-
lands (where temperatures are currently cooler than
the optimum) (Ryan et al. 2015). However, based on
current temperatures and distributions of human
populations, climate warming is often predicted to
lead to net increases in transmission for many vector-
borne pathogens, including malaria (Caminade
et al. 2014), dengue (Messina et al. 2019), West Nile
virus (Harrigan et al. 2014; Shocket et al. 2020), Ross
River virus (Shocket et al. 2018), and trypanosomia-
sis (Moore et al. 2012). Specifically, transmission is
predicted to increase at higher elevations (e.g. Ryan
et al. 2015) and extend to more temperate latitudes
(e.g. Harrigan et al. 2014). These predictions arise
from both increased transmission in areas where
vectors already occur and from vectors expanding
their geographic ranges into new areas (Brownstein
et al. 2005a; Kraemer et al. 2019; Medlock et al. 2013;
Moo-Llanes et al. 2013; Ogden et al. 2006).
Transmission seasons are also expected to lengthen
(e.g. Jones et al. 2019), starting earlier in the spring
and extending later into the fall.

Temperature can also impact vector populations
(and thus disease transmission) outside of the main
transmission season, particularly in highly seasonal
environments where overwinter survival is import-
ant. Milder winter temperatures increase the over-
winter survival of Culex mosquitoes (Reisen et
al. 2008; Vinogradova 2000), Aedes mosquito eggs
(Fischer et al. 2011; Thomas et al. 2012), Culicoides
midges (Wittmann et al. 2001), ixodid ticks (Brunner
et al. 2012), aphids (Robert et al. 2000), leafthoppers
(Boland et al. 2004), and whiteflies (Canto et
al. 2009), and are associated with West Nile virus
outbreaks in Russia (Platonov et al. 2008) and
increased prevalence of tick-borne diseases in
Europe (Lindgren & Gustafson 2001). Additionally,
tolerance of temperature extremes often predicts
arthropod species range limits better than perform-
ance at mean temperatures (e.g. Overgaard et
al. 2014). Milder winter temperatures have likely
led to expanding northern range limits for ticks in
Europe (Lindgren et al. 2000; Medlock et al. 2013)
and North America (Brownstein et al. 2005a; Ogden
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et al. 2006). Thus, rising winter temperatures due to
climate change may expand the geographic ranges
of vector species and the diseases they transmit.
Additionally, other indirect effects are possible:
severe winter freezes are associated with outbreaks
of St. Louis encephalitis in Florida, likely by killing
understory vegetation and increasing reproductive
success of bird reservoir hosts (Day & Shaman 2009).
Among continually reproducing vectors, midges
and hemipteran vectors of plant diseases provide
examples of unique mechanisms for temperature
effects on disease transmission. Midge transmission
of bluetongue virus has the potential for a ‘baton
effect’: as current vector species expand northward
in Europe due to climate change, they may begin to
overlap with and ‘hand off” the virus to other midge
species that are competent but do not currently act
as vectors because the virus is not present within
their geographic range (Wittmann & Baylis 2000).
Accordingly, geographic expansion of the virus
may outpace that of current vector species. For
aphids, temperature impacts allocation of repro-
ductive output to winged and non-winged forms,
both directly and indirectly via aphid density
(Mdiller et al. 2001). In turn, these changes can affect
aphid dispersal and the spatial spread of disease
(Canto et al. 2009; Newman 2004). In particular,
warmer winter temperatures lead to earlier first
and last flights of aphid species in a given year (Bell
etal. 2015; Sheppard et al. 2016). This timing, and its
influence on viral inoculation, is critical, because
infection at earlier developmental stages often leads
to more severe disease in crop plants (Boland et
al. 2004; Thackray et al. 2009). Additionally, immune
defenses (which can affect susceptibility to patho-
gens) and disease severity (i.e. negative conse-
quences for the host given an infection) are more
temperature-dependent for ectothermic plant hosts
than for endothermic vertebrate hosts (Boland et al.
2004; Garrett et al. 2006; West et al. 2012).
Tick-borne diseases provide the most notable
contrasting example for the effects of temperature
on transmission of vector-borne disease, stemming
from their distinctive life history compared to con-
reproducing (Ogden &
Lindsay 2016). The relatively fixed reproductive

tinually vectors

cycle of ticks means their population size cannot
increase rapidly via short-term effects of tempera-

ture on vital rates. Instead, temperature affects tick
abundance through thermal extremes that act as
population bottlenecks (Brunner et al. 2012; Ogden
& Lindsay 2016; Ogden et al. 2014; Padgett &
Lane 2001). Additionally, tick blood meals are so
infrequent that pathogen development rate—key
for determining the probability of becoming infec-
tious in other systems—is essentially irrelevant
(Ogden & Lindsay 2016). Instead, temperature
affects the probability that a tick becomes infectious
by altering tick phenology and questing behavior.
Long-term average temperatures determine when
each life stage completes development and becomes
active, and thus their temporal overlap (Gatewood
et al. 2009; Ogden & Lindsay 2016; Randolph et al.
2000). Pathogens that require co-feeding of larvae
and nymphs for transmission (e.g. tick-borne
encephalitis and less persistent strains of Lyme
pathogens) are only maintained in areas where both
life stages are active simultaneously (Gatewood et
al. 2009; Kurtenbach et al. 2006; Randolph et
al. 2000). Warming from climate change may dis-
rupt current patterns of tick phenology, favoring
less persistent pathogens or strains if synchrony
increases, or suppressing them if synchrony
decreases (Ostfeld & Brunner 2015). Tick questing
behavior also responds rapidly to current weather
conditions: ticks modify their questing height or
cease questing altogether in order to avoid desicca-
tion in hot, dry conditions (Arsnoe et al. 2015; Vail &
Smith 2002). These behaviors change the contact
rates of ticks with vertebrate hosts, impacting
human risk directly via exposure and indirectly via
changes in which reservoir host species ticks con-
tact for blood meals (Ginsberg et al. 2017).

6.3.2 Humidity

Humidity can have strong effects on vector per-
formance by maintaining water balance and pre-
venting desiccation. In general, higher humidity
increases survival and fecundity, especially in
favorable thermal environments where these pro-
cesses are not limited by temperature (Alsan 2015;
Bayoh 2001; Costa et al. 2010; Lyons et al. 2014;
Rodgers et al. 2007; Zahler & Gothe 1995). These
relationships likely contribute to the positive rela-
tionships found between humidity and cases of
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mosquito-borne diseases like malaria (Zacarias &
Andersson 2011), dengue fever (Campbell et
al. 2013; Karim et al. 2012; Xu et al. 2014), and Ross
River fever (Bi et al. 2009).

Ticks are particularly sensitive to humidity
because, unlike other vectors, they cannot hydrate
by ingesting plant sugars or standing water
(Needham & Teel 1991; Ogden & Lindsay 2016).
Instead, ticks regulate water balance by using mol-
ecules in their saliva to absorb water from the
humid leaf litter (Bowman & Sauer 2004). When
humidity is low, ticks must frequently return to the
leaf litter to rehydrate, which consumes energy,
diverts time away from host-seeking, and reduces
the probability of successfully feeding on a host
(Ogden & Lindsay 2016). Thus, ixodid tick survival
declines sharply in subsaturated air in both labora-
tory (Rodgers et al. 2007; Stafford 1994) and field
conditions (Bertrand & Wilson 1996). Accordingly,
low air moisture has been associated with decreased
incidence of Lyme disease in the U.S. (McCabe &
Bunnell 2004; Subak 2003).

6.3.3 Rainfall

Like temperature, rainfall can have nonlinear
impacts on the abundance of vectors with aquatic
larval stages and on incidence of the diseases that
they transmit (Fig. 6.3). Most simply, rainfall pro-
vides more breeding habitat for these vectors as it
accumulates in natural hydrological features and
pools (e.g. rivers, ponds, and leaf litter) and human-
made containers (e.g. bottle caps and jugs).
Accordingly, increased precipitation is often posi-
tively associated with abundances of mosquitoes
(Barton et al. 2004; Reisen et al. 2008; Sang et
al. 2017), blackflies (Cheke et al. 2015; Nwoke et
al. 1992), and Culicoides midges (Gao et al. 2017;
Walker & Davies 1971), and with human cases of
mosquito-borne diseases like malaria (Alemu et
al. 2011; Rozendaal 1992), dengue fever (Li et
al. 1985; Morin et al. 2015; Stewart-Ibarra &
Lowe 2013), chikungunya fever (Perkins et al. 2015;
Riou et al. 2017), Ross River fever (Hu et al. 2006;
Kelly-Hope et al. 2004; Whelan et al. 2003), Rift
Valley fever (Anyamba et al. 2012; Bicout &
Sabatier 2004), and St. Louis encephalitis (Day et
al. 1990), and with cases of trypanosomiasis trans-

mitted by blackflies (Adeleke et al. 2010). Flooding
in particular is often associated with outbreaks of
mosquito-borne disease (Gagnon et al. 2002; Tall &
Gatton 2019). This positive rainfall-transmission
relationship is important for driving both interan-
nual variation in disease (e.g. Anyamba et al. 2012)
and seasonal patterns of disease (e.g. Mabaso et
al. 2005). For instance, in locations where tempera-
ture is suitable year-round, the high transmission
season is often defined by the wet season (Chandran
& Azeez 2015; Jacups et al. 2008; Mabaso et al. 2005).

The relationship between rainfall and vector
abundance or disease transmission can become
negative at very low or high levels of rainfall
(Fig. 6.3). High rainfall or flooding events can kill
larvae or flush them from aquatic habitats (Benedum
etal. 2018; Koenraadt & Harrington 2008; Paaijmans
et al. 2007). Accordingly, across portions of the
Amazon, most malaria transmission occurs during
the dry season and increasing precipitation results
in fewer human cases (Barros et al. 2011; Olson et al.
2009). Low rainfall and drought can increase vector
abundance and disease transmission by two major
mechanisms. First, low rainfall can increase breed-
ing habitat through changes in human behavior. In
many regions, it is common to store water in open
containers for household use, and water storage
often increases during droughts or the dry season
(Anyamba et al. 2012; Chandran & Azeez 2015;
Pontes et al. 2000; Trewin et al. 2013). This practice
increases the reproduction and abundance of
container-breeding mosquitoes like the urban spe-
cialist vector Aedes aegypti (Padmanabha et al. 2010;
Stewart Ibarra et al. 2013), leading to associations
between drought and the diseases that it transmits,
including chikungunya fever (Anyamba et al. 2012)
and dengue fever (Chandran & Azeez 2015; Pontes
et al. 2000). Second, low rainfall can impact trans-
mission indirectly through reservoir host and vec-
tor communities. Drought increases transmission of
West Nile virus (Paull et al. 2017; Shaman et
al. 2005), likely via physiological stress on the bird
reservoir hosts or elevated vector-host contact rates
around the few remaining water sources.
Additionally, drought can alter mosquito species
community composition (Tian et al. 2015), which
can impact transmission (Tokarz & Smith 2020).
Thus, the relationship between rainfall and disease



|OUP CORRECTED AUTOPAGE PROOFS — FINAL, 17/11/20, SPi]

ENVIRONMENTAL DRIVERS OF VECTOR-BORNE DISEASES 93
Rainfall
Sl . . . (b) .
.g Rift Valley fever, Ross River virus Malaria
w
g 1
§ increasing rainfed e ’ increasing rainfed flushing
o breeding habitat e breeding habitat | of larvae
s -~
§ s < 4 - I h N
by . ' . 7’ \
o 4 , I \
T -, - ’ \
c s ’ \
] e . I \
4 v’
4 e 4 A
2 e ’ I \
o ’ 4 AY
(1] e ’ \
> . -, 7’ I \
‘.6 ’, ‘ // \\
- s 4
2 P ‘ " | \\
b ‘ 4 I \
drought high rain drought high rain
Rainfall Rainfall
< > < >
Seasonality Seasonality
Interannual variation Interannual variation
g © Ae. aegypti arboviruses @ West Nile virus
)
£ . . .
2 human increasing rainfed flushing increased increasing rainfed
g containers I breeding habitat | of larvae vectorhost | breeding habitat?
@ | of stored water| R contact I
@ [, . . flushing of larvae?
2y | r \ : I
T ’ \ \\
ol ’ \
s \ I II | \ R I /
v \ AY
s| I ¢ I \ . I -7
k] N ,l \ RS - ‘<
q>, \\ I 4 I \\ s ~ I -
' \ ’ S N e o=~ -
2 N | ‘ ===
o \ 4 \ Te--al
2 Se t- ’ | v [ T TTmme—
drought high rain drought high rain
Rainfall Rainfall
< > < >
Seasonality Seasonality
Interannual variation Interannual variation

Figure 6.3 Hypothesized responses of vector abundance and disease transmission to rainfall for several mosquito-borne diseases. Responses are
often nonlinear, vary across systems and locations, and are less certain than the thermal response of transmission (Fig. 6.2). Variation in rainfall
often explains the seasonality of and interannual variation in disease transmission. (A) For pathogens like Rift Valley fever virus and Ross River
virus, vector abundance and transmission increase with rainfall over a wide range of rainfall conditions because higher rainfall leads to more
rainfed breeding habitat. (B) The relationship between rainfall and Anopheles spp. or malaria transmission varies across locations. In settings with
lower overall rainfall, increased rain creates breeding habitat, while in settings with higher overall rainfall, increased rain flushes larvae. (C)
Drought can increase human water storage behavior, and thus increase breeding habitat for vectors that reproduce in containers like Ae. aegypti,
often leading to outbreaks of arboviruses. However, rainfall can also increase rainfed breeding habitat, and high rainfall can flush larval habitats.
(D) Drought increases transmission of West Nile virus, likely via increased contact between vectors and reservoir hosts. At higher levels of rainfall,
the relationship between rainfall and the abundance of vectors for West Nile virus varies across locations.
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transmission by vectors with aquatic larval stages is
context-dependent based on the rainfall quantity,
vector biology, and reservoir host and human
behavior.

Rainfall can also interact with other factors or act
via multiple mechanisms to influence disease trans-
mission and drive epidemic dynamics in complex
ways. In the East African highlands, rainfall in com-
bination with human host immunity and land use
change contributes to multi-year cycles in malaria
prevalence (Pascual et al. 2008; Zhou et al. 2004). In
southern India, dengue cases responded positively
to the seasonality of rainfall due to rainfed breeding
habitat but responded negatively to interannual
variation in rainfall due to water storage practices
(Chandran & Azeez 2015). In some systems, specific
sequences of weather patterns are the best predict-
ors for disease transmission. For instance, in Texas,
transmission of West Nile virus was highest in years
when a high rainfall spring was followed by a cool,
dry summer (Ukawuba & Shaman 2018). For Ross
River virus, these specific weather sequences mani-
fest through reservoir host dynamics: high summer
rainfall typically drives more transmission, but this
effect can be negated if low rainfall the preceding
winter led to low recruitment of juvenile kangaroos
(Mackenzie et al. 2000) or enhanced if low rainfall
the previous summer left reservoir hosts relatively
unexposed and thus more immunologically sus-
ceptible to infection (Woodruff et al. 2002). When
heavy rainfall occurs in the context of extreme,
infrastructure-damaging events like hurricanes, the
effects on disease transmission can be even greater
due to reduced vector control and damaged hous-
ing (Caillouét et al. 2008; Shultz et al. 2005; Sorensen
et al. 2017). Thus, rainfall can drive transmission of
vector-borne disease through many mechanisms
and produce a variety of observed patterns across
systems and locations.

In many parts of the globe, rainfall and tempera-
ture both vary strongly with the El Nifio-Southern
Oscillation (ENSO), a multi-year climate oscillation
that drives interannual variation in epidemics for
many diseases. For example, Rift Valley fever out-
breaks in eastern Africa are strongly driven by
ENSO-related precipitation that accumulates in
low-lying areas and provides breeding habitat for
mosquito vectors (Anyamba et al. 2009; Linthicum

et al. 1999). Accordingly, these outbreaks can be
accurately predicted by remotely-sensed proxies of
ENSO: sea surface temperature and vegetation
indices (Anyamba et al. 2009; Linthicum et al. 1999).
Similarly, remotely-sensed ENSO metrics based on
sea surface temperature and atmospheric pressure
are associated with outbreaks of dengue fever
across many locations in the Americas, Asia, and
Oceania (Adde et al. 2016; Cazelles et al. 2005;
Colon-Gonzélez et al. 2011; Hu et al. 2010; van
Panhuis et al. 2015), and can increase accuracy of
predictions independent of temperature and rain-
fall (Earnest et al. 2012). As described previously,
the nonlinear response of mosquito abundance to
rainfall means that ENSO can drive outbreaks of
mosquito-borne diseases through both severe
drought and flood conditions (Anyamba et al. 2009,
2012; Gagnon et al. 2002). ENSO metrics are a par-
ticularly useful tool for forecasting disease out-
breaks because they are constantly monitored
around the world and conditions take several
months to develop, providing substantial lead time.

Rainfall is also an important driver for vectors
without aquatic larval stages. Rainfall is consist-
ently negatively associated with tsetse fly popula-
tions and transmission risk (Grébaut et al. 2009;
Rogers & Williams 1993), possibly due to negative
effects of oversaturated soils on pupal survival.
Conversely, rainfall is often positively associated
with Culicoides midges and transmission of blue-
tongue virus (Gao et al. 2017; Guis et al. 2012;
Walker & Davies 1971). However, rainfall is not
always the strongest driver of midge seasonality
(Mellor et al. 2000), and it has been posited that
drought can increase breeding habitat for some spe-
cies by exposing moist mud on the margins of lakes
and streams (Berry et al. 2013). Different sand fly
vectors for leishmaniasis live across a wide variety
of humid, semi-arid, and arid habitats, and thus
rainfall has positive (Furtado et al. 2016), negative
(Gélvez et al. 2010; Miranda et al. 2015), and uni-
modal (Chaniotis et al. 1971) effects on their abun-
dances across different species and locations. In the
Australian Wheatbelt, rainfall influences the timing
of aphid arrival on crops because it increases the
growth of wild plants that serve as a ‘green bridge’
where aphids persist over the dry summer between
growing seasons (Thackray et al. 2009). As with
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thermal effects on aphid flight phenology in the
northern hemisphere, this timing has important
consequences for viral transmission and disease
severity (Thackray et al. 2009).

6.3.4 Other Factors

Even flying vectors have limited dispersal (Elbers et
al. 2015; Thomas et al. 2013), making the spatial
spread of disease over larger distances depend pri-
marily on movement of infected hosts (Buckee et
al. 2013; Stoddard et al. 2013). However, wind-
based passive dispersal is important for vectors like
aphids and leathoppers (Parry 2013; Thresh et
al. 1983), Culicoides midges (Elbers et al. 2015), and
some species of mosquitoes (Elbers et al. 2015;
Lapointe 2008). Long-distance wind dispersal of
infected vectors likely initiated outbreaks of midge-
borne bluetongue and African horse sickness
(Durr et al. 2017; Elbers et al. 2015; Sedda et al. 2012),
mosquito-borne Japanese encephalitis (Ritchie &
Rochester 2001) and Rift Valley fever (Mapaco et
al. 2012), and hemipteran-borne plant viruses
(Thresh et al. 1983). Local wind patterns can also
drive patterns of malaria at smaller spatial scales
(Midega et al. 2012). Climate change is already
shifting wind patterns at regional scales (Pryor et
al. 2005), which may impact the patterns of disease
spread over large spatial scales, as well as transmis-
sion at more local scales.

Although not climatic factors per se, sea level and
the concentration of carbon dioxide are two related
environmental factors that can impact transmission
of vector-borne disease. Increased carbon dioxide in
the atmosphere—the primary cause of anthropo-
genic climate change—directly influences plant
physiology, which can cause cascading effects on
vector traits and disease processes (Newman 2004;
Trebicki et al. 2015). Sea level rise is a major pre-
dicted outcome of climate change (Rahmstorf 2007).
Some mosquitoes reproduce in estuarine habitats
rather than freshwater pools, including several that
transmit Ross River virus. Accordingly, variation in
tidal height drives abundances of these species and
incidence of Ross River fever (Jacups et al. 2008;
Kokkinn et al. 2009; Tong & Hu 2002). Thus, sea
level rise may affect future transmission of Ross

River virus in Australia or other diseases transmit-
ted by saltmarsh mosquitoes.

6.4 Habitat and Land Use

Habitat type and land use often drive variation in
risk for vector-borne diseases, favoring infection by
different pathogens in different environments
(Fig. 6.4). For example, newly deforested areas on
the edges of relatively undisturbed tropical forests
are the main sites for transmission of Plasmodium
vivax malaria by Anopheles spp. in South America
(Chaves et al. 2018; MacDonald & Mordecai 2019;
Santos & Almeida 2018; Vittor et al. 2006, 2009),
while transmission of a suite of arboviruses (den-
gue, Zika, and chikungunya) by Ae. aegypti is maxi-
mized in urban areas (Jansen & Beebe 2010; Sheela
etal. 2017). This system-specific variation in disease
risk across gradients of ecosystem type and land
use regime is driven by four major processes
(Fig. 6.1). First, most vector species are only able to
maintain high population abundances in a subset of
habitats. Second, the host species that act as compe-
tent reservoirs for pathogens may be similarly
restricted to a subset of habitats. Third, different
habitats may affect vector competence or other
traits that drive transmission independently from
vector abundance and host community. Finally, the
population density and contact rates of humans (or
other focal host species) also varies across habitats.
Hotspots for transmission may therefore reflect the
distribution of humans on the landscape or
increased exposure rather than risk stemming
directly from the density of infectious vectors.
Habitat type and land use affect vector abun-
dances through many underlying mechanisms. The
availability of breeding sites is often critical. For
instance, dam construction and agricultural irriga-
tion has provided ideal breeding habitat for black-
flies in Africa (Patz et al. 2000) and malaria vectors
in Brazil (Tadei et al. 1998). Tsetse flies thrive in
deforested areas that have been converted to agri-
culture but cannot survive in most urban areas
because they require loose soil for depositing larvae
(Franco et al. 2014b; Grébaut et al. 2009; Patz et al.
2000). Specific plant species and communities can
also be critical habitat for certain vectors. For instance,
palm trees are the preferred habitat for triatomine
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kissing bugs that spread Chagas disease (Abad-
Franch et al. 2015), and a mosquito vector of West
Nile virus was strongly associated with eastern red
cedar stands across a varied landscape in the
U.S. (O’Brien & Reiskind 2013). Ixodid ticks are typ-
ically associated with dense shrub-dominated or
forested communities, as these habitats provide
favorable temperature and humidity conditions for
tick questing activity and survivorship (Eisen et al.
2006, 2010; MacDonald et al. 2017; Ostfeld et al.
1995; Padgett & Lane 2001; Swei et al. 2011).
However, vectors and pathogens can adapt to new
environments. For instance, South American sand
flies are adrapting to urban environments and leish-
maniasia has gone from a predominantly rural to a
predominantly urban disease in Brazil (Jeronimo et
al. 1994; Werneck et al. 2002). Similarly, Ae. albop-
ictua mosquitoes are increasingly present in highly
urban areas in Malayasia (Kwa 2008).
Deforestation in particular can have important
effects on the abundances of vectors and disease
transmission. In western Africa, deforestation has
increased the relative proportion of savannah black-
flies (versus forest blackflies), which carry the more
severe form of onchocerciasis with higher blindness
rates (Wilson et al. 2002). Deforestation can increase
breeding habitat for mosquitoes (Leisnham et
al. 2005; Norris 2004; Patz et al. 2004) and shift mos-
quito community composition toward species that
vector human diseases. For instance, in the Amazon,
sampling sites in deforested areas were more likely
to contain malaria vectors, and deforested sites had
significantly higher human biting rates (Tucker
Lima et al. 2017; Vittor et al. 2006, 2009). Similarly, in
Thailand mosquito diversity was highest and vec-
tor species abundance was lowest in intact forest
habitat (Thongsripong et al. 2013). Some of these
effects may be due to changing biotic interactions
like the loss of predators (Hunt et al. 2017; Juliano &
Lounibos 2005) or reduced competition from more
sensitive species (Chase & Shulman 2009; Freed &
Leisnham 2014). Additionally, several studies sug-
gest that mosquito density increases at transitional
zones between habitat types or in heterogeneous
landscapes (Barros et al. 2011; Chaves et al. 2011;
Despommier et al. 2006; Lothrop et al. 2002;
Reiskind et al. 2017), and early stages of deforest-
ation can contribute to this effect by increasing edge

habitat. However, the effects of deforestation may
be temporary, as transmission risk changes again
with further transitions in land use (Fig. 6.4) (Baeza
etal. 2017).

Habitat type and land use can also drive disease
transmission by influencing reservoir hosts. In
some cases, the same habitat features that promote
high vector densities also promote high densities or
clustering of highly competent reservoir hosts,
compounding transmission risk. For example, the
same palm trees shelter both triatomine bug vectors
and the mammal hosts that serve as reservoirs for
the Chagas disease parasite (Abad-Franch et
al. 2015). This effect is magnified in deforested areas
where palm trees may be some of the only suitable
habitat for mammals, and where highly competent
possums are more common; together these effects
on the host community are hypothesized to drive
the observed increase in the infection prevalence of
vectors (Gottdenker et al. 2012). Food resources are
another important mechanism for habitat effects on
reservoir host populations. For instance, the irriga-
tion resulting from dam construction in Africa has
increased resources, for gerbil populations that are
important reservoirs for leishmaniasis parasites
(Desjeux 2001). Additionally, increased acorn out-
put from periodic oak tree masts temporarily
increases the abundance of white-footed mice that
are highly competent reservoir hosts for the Lyme
pathogen (Jones 1998). This same food resource also
attracts deer, which increases the abundance of
blacklegged ticks, further increasing risk of Lyme
transmission (Jones 1998).

The search for more general relationships
between habitat conversion, reservoir community
composition, and disease risk has been controver-
sial (Civitello et al. 2015; Halsey 2019; Ostfeld &
Keesing 2000; Randolph & Dobson 2012; Rohr et al.
2019; Salkeld et al. 2013). The ‘dilution effect’
hypothesis—in which increased biodiversity lowers
average host competence and/or vector biting rate
on competent hosts, and thus disease risk—was
proposed to describe the impact of suburban devel-
opment on the Lyme disease pathogen transmitted
by blacklegged ticks in the northeastern U.S. In
that system, smaller forest fragments had less
diverse mammal communities with relatively
higher proportions of highly-competent hosts
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Figure 6.4 Different types of habitat and land use promote transmission of specific vector-borne diseases. Here, we show examples of different
diseases and where their transmission is maximized across a land use gradient. Top panel is modified from Foley 2005.

(white-footed mice), resulting in increased disease
risk (Allan et al. 2003; Brownstein et al. 2005b;
LoGiudice et al. 2008; Ostfeld & Keesing 2000).
However, more recent research found the opposite
pattern in an area nearby: mammal communities
were more diverse and less competent for transmit-
ting Lyme disease in fragmented forests than in
undisturbed forests (Linske et al. 2018). Further,
some argue that ‘amplification effects’—in which

more diverse host communities are more likely to
contain highly-competent hosts—are also likely to
occur (Faust et al. 2017; Salkeld et al. 2013; Wood
et al. 2014). Regardless, habitat and land use can
drive the transmission of vector-borne pathogens
by impacting the density of reservoir hosts that
vary in their competence.

Habitat and land use can also influence vector
traits that drive transmission independently from
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vector abundance. Deforestation and urban develop-
ment often create ‘heat islands” with higher average
temperatures relative to nearby areas with more
vegetation (Afrane et al. 2005; Imhoff et al. 2010;
Kalnay & Cai 2003; Lindblade et al. 2000; Murdock et
al. 2017), although urbanization and conversion to
agriculture can instead lower temperatures in arid
regions (Imhoff et al. 2010; Lobell & Bonfils 2008;
Mahmood et al. 2006). In turn, these differing micro-
climates can influence vector traits and predicted
vectorial capacity (Afrane et al. 2005, LaDeau et
al. 2015; Murdock et al. 2017). Food resources also
vary across habitats and can influence vector traits.
Laboratory studies show that food availability dur-
ing the larval stage and the quantity and plant source
of sugar resources during the adult stage can both
alter adult mosquito survival, mating success,
fecundity, transmission competency, and extrinsic
incubation period duration (Alto et al. 2005; Ebrahimi
et al. 2018; Gu et al. 2011; Hien et al. 2016; Lefevre et
al. 2013; Moller-Jacobs et al. 2014; Shapiro et al. 2016;
Stone & Foster 2013; Stone et al. 2009; Yu et al. 2016).
This research suggests that landscapes could be con-
structed to minimize disease transmission. However,
research in natural settings is limited, and studies
have yielded conflicting results for the effects of simi-
lar resource treatments (Alto et al. 2005; Gu et al.
2011; Lefevre et al. 2013; Moller-Jacobs et al. 2014;
Shapiro et al. 2016; Stone et al. 2012).

Habitat and land use can also determine the
density of humans (or other focal hosts) and their
contact with vectors. Newly deforested areas often
bring humans into close proximity with tsetse fly,
sand fly, and mosquito vectors (Confalonieri et
al. 2014; Desjeux 2001; Patz et al. 2000; Van den
Bossche et al. 2010). For tick-borne diseases, human
movement and interaction with high risk land-
scapes determines the rates of contact between
infected ticks and human hosts (Eisen & Eisen 2016;
Pepin et al. 2012), where human activity in specific
types of habitat is much more likely to result in tick
encounter and tick-borne pathogen transmission
than others. In the specific case of Lyme disease in
the northeastern US, suburban development in for-
ested regions puts human populations in closer
contact with vector ticks, elevating disease risk for
humans in peri-domestic environments (Berry et al.
2018; Connally et al. 2009; Larsen et al. 2014;
MacDonald et al. 2019). Zooprophylaxis is one way

that land use is already being manipulated to
minimize disease transmission: the presence of live-
stock can lower malaria incidence in humans by
shifting bites to cattle in place of humans, even
when vector densities increase in response to the
new source of readily available blood meals (Franco
et al. 2014a; Mutero et al. 2004).

6.5 Challenges and Approaches

Two major goals of vector-borne disease research
are to infer the role of environmental variation from
past transmission dynamics and to predict future
transmission based on environmental factors. This
research aims to influence environmental and
health policy and to enable more proactive and
effective strategies for control of vector-borne dis-
eases. Three major challenges in inferring the role of
environmental drivers and predicting transmission
are: (1) nonlinearity, (2) interacting and correlated
drivers, and (3) variation across temporal and spa-
tial scales. Here, we review these challenges and
how different approaches can be used to address
them, depending on the specific goals at hand.

6.5.1 Challenges
6.5.1.1 Nonlinearity

The first challenge to inferring environmental
drivers of vector transmission is that transmission is
a nonlinear process at multiple scales. Vector and
pathogen traits respond nonlinearly to environ-
mental drivers like temperature and rainfall
(Figs. 6.2 and 6.3, Section 6.3). Then, the force of
infection (i.e. per capita transmission rate) depends
nonlinearly on vector and pathogen traits (e.g. in the
R, equation for mosquito-borne disease) (Dietz 1993)
and vector densities (Khatchikian et al. 2012). Host
infection dynamics are in turn a nonlinear function
of the force of infection because transmission slows
as susceptible hosts are depleted in the population
(Smith et al. 2012). Together, nonlinearity and time
lags in multiple processes can obscure the impact of
environmental drivers in observed disease dynam-
ics. Inferential approaches that look for linear
responses in observed data can find different
responses in different settings, making environmen-
tal drivers appear highly context dependent. For



|OUP CORRECTED AUTOPAGE PROOFS — FINAL, 17/11/20, SPi]

ENVIRONMENTAL DRIVERS OF VECTOR-BORNE DISEASES 99

example, if the true relationship between transmis-
sion and temperature or rainfall is non-monotonic
(Fig. 6.2), these drivers may be positively, negatively,
or not significantly correlated with cases of disease
at different locations and times of year, even if the
mechanistic influence of the driver is consistent.

6.5.1.2 Interacting or Correlated Drivers

The second challenge is that multiple environmental
drivers of transmission may interact or be correlated
in space or time. Different environmental drivers
may not operate independently because they affect
the same traits, and their impacts may have inter-
active effects on transmission (Guis et al. 2012;
Shand et al. 2016; Vail & Smith 2002). For example,
for vectors with aquatic larvae, temperature might
be suitable for transmission throughout the year in
some locations, but temperature suitability only
translates into disease incidence when rainfall pro-
vides sufficient larval habitat to generate large vec-
tor populations (e.g. during the wet or dry season,
as appropriate). Conversely, appropriate levels of
rain will only generate large vector populations if
they occur when temperatures are suitable. Further,
multiple drivers often follow a seasonal pattern and
thus co-vary, making it difficult to identify the causal
driver(s) and to predict the outcome if drivers
become decoupled in future climate scenarios. For
diseases with strong seasonality, correlation analysis
can suggest spurious relationships in the absence of
a true causal link. Conversely, traditional time series
analysis of seasonal data (SARIMA models) removes
the seasonal pattern and measures anomalies from
seasonal trends (Hu et al. 2004). These methods can
underestimate the importance of a driver if it pri-
marily affects transmission at the seasonal scale.
Therefore, inferring causality from and making
predictions for such interacting, co-varying, and
seasonal environmental drivers is challenging
with traditional statistical techniques, and requires
system-specific knowledge of the ecology of the
host-vector-pathogen interface.

6.5.1.3 Variation Across Temporal and Spatial
Scales

The third challenge is that the relative impact of dif-
ferent environmental drivers may differ across tem-
poral and spatial scales. Since transmission requires
suitable conditions

alignment of ecological

(Fig. 6.1), the specific ecological process or environ-
mental driver that is most limiting may vary by
scale and setting (Plowright et al. 2017). For
example, impacts of climate may be more apparent
across larger geographic (e.g. degrees of latitude)
and seasonal scales than at smaller scales. Some
environmental drivers may vary more substantially
over space than over time. For example, land use
can vary over relatively small spatial scales (meters
to kilometers) but usually over relatively longer
time scales (years to decades). In contrast, weather
can vary daily and weekly but usually over larger
spatial scales (tens to hundreds of kilometers;
though microclimate effects can also be important)
(Murdock et al. 2017, Vanwambeke et al. 2007).
Finally, human behavior and social determinants
(e.g. housing construction, vector control, access to
medical care, and water storage) can modify the
influence of environmental drivers, and these com-
plex interactions can be nonlinear, bidirectional,
and operate at multiple scales (MacDonald et
al. 2019; MacDonald & Mordecai 2019).

6.5.2 Approaches

Together, the challenges of nonlinearity, complexity
of drivers, and scale can make inferring environ-
mental drivers from observational data challen-
ging. These challenges necessitate a suite of
complementary methods for understanding envir-
onmental drivers of vector-borne disease transmis-
sion. The most appropriate type of inference
depends on the specific question at hand. Further,
combining multiple lines of evidence from different
inference methods and data sources can provide the
strongest support for environmental drivers of
transmission (Metcalf et al. 2017; Munafo & Davey
Smith 2018; Ostfeld & Brunner 2015; Tjaden et al.
2018).

6.5.2.1 Mechanistic and Statistical Modeling
Approaches

Process-based, or mechanistic, approaches seek to
understand environmental drivers of transmission
by examining their impact on the traits and popula-
tion properties that drive transmission (Rogers &
Randolph 2006; Tjaden et al. 2018). Mechanistic
approaches measure the impact of environmental
drivers on traits and population processes directly
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through observations and experiments, then com-
bine the trait responses into an overall effect on
transmission or disease dynamics (e.g, Johansson et
al. 2014; Mordecai et al. 2019; Ogden et al. 2005).
They can incorporate multiple nonlinear impacts of
a single driver as well as interacting environmental
drivers. Mechanistic models are particularly
important for predicting transmission in novel con-
ditions or combinations of conditions for which
observations do not currently exist. However, these
approaches require detailed experimental work.
Additionally, it can be difficult to connect experi-
mental results with field observations in natural set-
tings, making validation a challenge.

Statistical inference on observational data com-
plements mechanistic approaches by allowing
inference of environmental drivers from observed
patterns of transmission (Tjaden et al. 2018; Larsen
etal. 2019). This family of approaches uses observed
vector abundance or human case data matched
with data on hypothesized environmental covari-
ates, and infers environmental drivers by matching
patterns over space or time, including lagged and
nonlinear relationships (e.g. Johansson et al. 2009;
Pascual et al. 2008; Perkins et al. 2015; Stewart-
Ibarra & Lowe 2013). Statistical inference from
observational data assures field relevance. However,
it is important to couple statistical approaches with
biological knowledge of a system in order to antici-
pate nonlinear and complex relationships. Strong
correlations between different environmental fac-
tors through time can mask true causal relation-
ships, and it can be difficult to distinguish between
proximate and ultimate drivers. Moreover, even
when environment-transmission relationships can
be inferred from observational data, application of
results can be limited by a lack of mechanistic
understanding (e.g. not knowing which traits are
driving the response).

Many mechanistic and statistical approaches for
estimating and predicting environmental impacts on
vector-borne disease are available, and the best
approach depends on the specific goals (Metcalf et
al. 2017; Ostfeld & Brunner 2015; Tjaden et al. 2018).
Accurate short-term forecasts for specific locations
can often be constructed from past patterns of trans-
mission alone (without mechanistic knowledge of a

system) if sufficient data are available (Johansson et
al. 2016; Metcalf et al. 2017; Yamana et al. 2016). For
example, Johnson et al. (2018) compared forecasting
models for two dengue fever time series and found
that mechanistic forecasts could capture the seasonal-
ity but failed to anticipate large outbreaks that the
statistical forecasts predicted more successfully. The
mechanistic approach required forecasting environ-
mental predictors, which introduced error in anomal-
ous years, while the statistical approach was able to
phenomenologically match dynamical patterns from
the disease data alone (Johnson et al. 2018; Yamana et
al. 2016). Weighted averages of multiple forecast
types (e.g. ‘superensembles’) can reduce error by
smoothing over idiosyncrasies of individual forecast-
ing approaches (Yamana et al. 2016). By contrast,
understanding mechanism is important for predict-
ing dynamics of disease in novel settings, such as for
emerging pathogens, new or poorly monitored loca-
tions, or changing environmental conditions or trans-
mission regimes, including the implementation of
vector control or other interventions. Ultimately,
mechanistic and statistical approaches both provide
important insights and should be used to inform each
other. For instance, mechanistic models can guide the
design of statistical analyses by providing specific
hypotheses (e.g. different types of nonlinearity).
Additionally, if statistical models support predictions
from a mechanistic model in a context-dependent
mannet, it may help reveal the relative importance of
drivers over space and time or at different scales
(Cohen et al. 2016; Mordecai et al. 2019).

6.5.2.2 Uncertainty, Causality, and Multiple Lines
of Evidence

Uncertainty is an important but poorly character-
ized aspect of vector transmission dynamics.
Process uncertainty emerges when the functional
relationships between drivers and disease dynam-
ics are unknown or poorly characterized, for
example, due to interactive effects or time lags.
Additionally, transmission is a stochastic process,
so even an accurate mechanistic description of the
transmission process cannot perfectly predict dis-
ease dynamics. Stochasticity is particularly import-
ant for rare diseases, which are harder to predict.
For any given model, parameter uncertainty arises
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from measurement error in both the response vari-
able (e.g. transmission probability) and environ-
mental drivers, as well as unmeasured predictors.
Vector population dynamics are extremely variable
and challenging to model due to many sources of
process and observation error; thus, analyses can be
sensitive to the time scale of sample collection and
aggregation (Jian et al. 2014, 2016). Finally, the
direction and magnitude of environmental change
is uncertain due to both human behavior (e.g. how
much greenhouse gas emissions are released in the
future) and complex responses of global systems to
human activities (Intergovernmental Panel on
Climate Change 2014). Accurately representing the
true range of uncertainty requires propagating
uncertainty due to measurement error, process
error, true stochasticity through transmission
models, incorporating multiple uncertain future
environmental change scenarios, and communicat-
ing the results through credible intervals or scenario
analyses (Dietze 2017; Johnson et al. 2015; Little
et al. 2017; Metcalf et al. 2017; Ryan et al. 2019).

In the face of multiple, complex relationships
between environmental drivers and transmission
and a variety of sources of uncertainty, inferring
causation is challenging. Support for environmental
change causing changes in disease dynamics is
strongest when statistical associations between
environmental variation and disease transmission
occur at the hypothesized time and place and in the
hypothesized direction predicted by an independ-
ent mechanistic analysis (Metcalf et al. 2017;
Randolph 2004; Rogers & Randolph 2006). Semi-
mechanistic models are an alternative approach for
inferring drivers in nonlinear transmission systems
(Metcalf et al. 2017; Perkins et al. 2015). These
models infer time-varying force of infection param-
eters while accounting for nonlinear dynamics; the
parameters can then be statistically analyzed with
the environmental drivers (Harris et al. 2019;
Perkins et al. 2015). Another promising approach is
fusing elements of experimental manipulation and
natural observations (Murdock et al. 2017). Finally,
detecting causality is an area of active philosophical
and mathematical research, and new methods for
inferring causation are still entering disease ecology
(Sugihara et al. 2012; Xu et al. 2017).

No single method is sufficient for understand-
ing environmental drivers across scales, systems,
and settings. Multiple lines of evidence that sup-
provide the
strongest causal support for environmental drivers
of disease (Metcalf et al. 2017; Munafo & Davey
Smith 2018; Rogers & Randolph 2006). Using a
complementary suite of approaches that includes
exploring mechanisms, inferring drivers through
spatial and temporal variation in transmission,
and linking vector and case distributions can pro-
vide the deepest understanding and greatest pre-
dictive power across scales and settings (Munafo
& Davey Smith 2018; Ostfeld & Brunner 2015;
Tjaden et al. 2018).

port hypothesized mechanisms

6.5.2.3 Integrating Social Science, Economics,
and Medicine

Interdisciplinary collaborations help identify
when ecological mechanisms interact with socio-
economic mechanisms. For instance, political
instability and war have led to the recent resurgence
of leishmaniasis in the Middle East (Hotez 2018).
Economic hardship following the fall of the Soviet
Union led to increased tick-borne encephalitis in
Eastern Europe when people increased foraging for
food in wild areas and thus exposure to infected
vectors (Sumilo et al. 2008). Frontier communities
can experience a transient period with little access
to healthcare and increased disease burden (de
Castro et al. 2006). Further, established communi-
ties can get stuck in ‘poverty traps’, where there are
reinforcing, positive feedbacks between low socio-
economic status and infectious disease burden
(Bonds et al. 2010). Thus, the insights gained from
an ecological perspective on vector-borne disease
must be integrated with perspectives from other
disciplines like sociology, economics, and medicine
to correctly identify environmental drivers and
achieve sustained reductions in disease.
Interdisciplinary research is key for determining
how human behavior influences disease risk and
interacts with these environmental and socio-
economic drivers (Hammond et al. 2007; Koenraadt
et al. 2006) and for designing interventions that are
effective and accepted by the public (Brossard et
al. 2019; Okamoto et al. 2016).
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6.6 Future Directions

In this final section, we identify research gaps and
frontiers in the technologies and analyses used for
vector-borne disease research. Many of these new
areas and approaches are interdisciplinary, as it is
increasingly necessary to build links between
human activity and technology, environmental
change, social and economic systems, and the biol-
ogy and ecology of vector-borne diseases. We break
these future directions down into two broad cat-
egories: (1) fundamental biological questions and
(2) emerging technologies, data, and analyses.

6.6.1 Fundamental Biological Questions

There are many gaps in our current knowledge of
how environmental factors mechanistically drive
variation in vector traits. First, while we know that
climatic drivers interact in important ways (Shand
et al. 2016), we lack a general or comparative frame-
work for interactive effects of different drivers.
Such a framework would also greatly enhance our
understanding of land use change, as it often alters
multiple environmental drivers at once. Second,
our mechanistic understanding of how habitat and
land use affects vector traits and populations is rela-
tively poor compared to that of climatic drivers
(Jones et al. 2008; Norris 2004). For most vector spe-
cies we lack basic natural history connecting them
to their preferred habitats and characterizing their
niche breadths. Third, we need to develop methods
to better quantify vector traits in the field in order to
connect trait data from laboratory studies with field
observations. For instance, mosquito lifespan—a
trait that has a large influence on transmission—is
typically shorter in nature than in the lab due to
predation and other hazards (Brady et al. 2013;
Clements & Paterson 1981; Macdonald 1952); how-
ever, it remains uncertain how effectively lab-based
estimates of environmental impacts on lifespan
reflect the survival of mosquitoes across environ-
ments in the field (Brady et al. 2013). Fourth, more
empirical work is needed to determine the time
scale at which environmental factors influence vec-
tor abundance and disease transmission (e.g. daily
versus weekly average temperatures) and how to
best account for fluctuations and time lags in these

factors. For instance, the current standard method
to account for thermal variation (rate summation
using thermal responses measured at constant tem-
peratures: Bernhardt et al. 2018) has not been rigor-
ously validated. Fifth, the importance of within- and
among-population genetic variation for responses
of vector and pathogen traits to environmental
drivers is largely unknown. Moreover, higher order
interactions (vector genotype x pathogen genotype
x environment) are possible (Zouache et al. 2014).
Finally, while vector microbiomes can impact their
susceptibility to and competence for transmitting
pathogens (Bonnet et al. 2017; Geiger et al. 2015;
Jupatanakul et al. 2014; Narasimhan & Fikrig 2015),
and microbiomes can vary by location (Coon et
al. 2016), it is unclear how vector microbiomes and
environmental variation may interact or be linked
(Evans et al. 2020; see Chapter 13 this volume).

6.6.2 Emerging Technologies, Data, and
Analyses

Consistent measurements of factors like tempera-
ture, rainfall, and land cover are critical for analyz-
ing patterns of vector-borne disease driven by
environmental variation and global change. Earth
observations data (EO; i.e. satellite, airplane, and
drone-based imagery), which provide globally-
consistent measurements of the environment, have
emerged as a key data source for mapping large-
scale patterns of disease (Bhatt et al. 2013; Kraemer
et al. 2015; Samy & Peterson 2016). EO data are
often used to build species distribution models for
vectors or pathogens, which search for patterns in
observed distributions and relate them to environ-
mental variables that best predict the presence,
absence, or abundance of the species (Elith et
al. 2006; Kalluri et al. 2007; Kraemer et al. 2015;
Tjaden et al. 2018; White et al. 2012). These methods
are powerful because they can take large, unstruc-
tured datasets and find relationships that may not
be well characterized a priori, identifying or refining
mechanistic relationships. The quantity and quality
of EO data are dramatically increasing, as is access
to analytical software (Gorelick et al. 2017).
However, improved modeling approaches are
needed to use these data more effectively.
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Current challenges for using EO data include:
scale mismatches, when the scale of field data does
not match the scale of EO data (Anderson 2018);
incomplete or unknown sampling effort (Phillips
et al. 2009); and competing data typologies, such as
the differences between categorical and continuous
environmental patterns (Tucker Lima et al. 2017).
Additionally, while the EO data itself is scalable, the
current generation of models are not (Jansen &
Beebe 2010). For instance, temperature-driven pre-
dictive transmission models are typically applied to
coarse (5+ km spatial resolution), global-scale mean
temperature data to predict national-scale health
patterns (Bhatt et al. 2013; Ryan et al. 2015, 2019).
This approach rarely captures fine-scale transmis-
sion dynamics, such as shifts in local vector habitat,
microclimate, and human host susceptibility.
Conversely, land use-driven predictive models are
typically developed to represent local-scale phe-
nomena and are often difficult to generalize to
larger scales (Loveland et al. 2000; Sithiprasasna et
al. 2005; Tadei et al. 1998). Further, maps often
poorly characterize standardized land use patterns
across highly heterogeneous environments (Gong
et al. 2013) and classification typologies can be
highly subjective and therefore inconsistent outside
of specific contexts (Foody 2010; Tucker Lima et al.
2017; Verburg et al. 2011).

There is a growing movement to assemble large,
publicly available vector and disease datasets to aid
in the validation and development of models (e.g.
Siraj et al. 2018, Johansson et al. 2019). Testing pre-
dictions from mechanistic models is a critical step in
the scientific process; however, validating models
with independent data is currently difficult for two
reasons. First, the output of mechanistic models is
often fundamentally different (e.g. relative transmis-
sion rates versus human incidence) or at different
spatial and temporal scales than the data available
for testing. Thus, better analytical methods are
needed for comparing disparate types of data.
Second, data on vector densities and disease inci-
dence are sporadic, variable in format, and often not
freely available (Cator et al. 2019). This is a missed
opportunity given the extensive effort toward vector
and disease surveillance undertaken by vector con-
trol and health agencies across the globe. To improve
data availability and cross-compatibility, efforts are

underway to collect, validate, and make data avail-
able for building, testing, and improving models.
Examples of databases include VectorBASE, (bio-
informatics databases of vector genomes, transcrip-
tomes, proteomes, and insecticide resistance across
vector populations: https://www.vectorbase.org/),
Vector ByTE (ecoinformatics databases of vector
traits and population dynamics [in development]:
https:/ /vectorbyte.org), the CDC Zika data reposi-
tory (https://github.com/cdcepi/zika), and data-
sets provided for forecasting challenges for dengue
cases and Ae. aegypti and Ae. albopictus (https://
predict.cdc.gov/).

More synthetic analyses comparing environ-
mental impacts across different vector-borne dis-
eases and research methods would greatly enhance
the field by sharing insights across systems.
Currently, most research on vector-borne diseases is
system-specific. While system-specific and local
knowledge is often critical, much could be learned
from identifying consistent trends and drivers, as
well as important differences, across multiple dis-
eases. Additionally, a wide variety of statistical and
semi-mechanistic methods are used to study vector-
borne disease time series, but most studies only use
a single approach. Thus, it can be difficult to deter-
mine whether differing conclusions among studies
are due to real differences in the underlying biology
or simply reflect differences in methodology.
Systematic analyses comparing results from mul-
tiple approaches and datasets would help to iden-
tify patterns and processes across systems,
providing better information about the sensitivity
and consistency of different methods for analyzing
specific environmental drivers.

Finally, the biotechnology industry has a growing
interest in developing solutions for vector-borne
diseases. For instance, Wolbachia-infected Ae. aegypti
mosquitoes—thought to be refractory for (i.e. not
competent for transmitting) dengue, Zika, and
other viruses—were released and successfully
established in northeastern Australia (Hoffmann et
al. 2011). More recently, Verily (Alphabet's life sci-
ence subsidiary) released millions of sterile male
Ae. aegypti mosquitoes—developed to temporarily
suppress the mosquito population size—in Fresno,
California during the summer of 2017 as a test for
future releases in areas with Zika transmission
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(Crawford 2017). Environmental drivers could
interact with these biotechnology-based interven-
tions and impact their efficacy (e.g. Ross et al. 2019).
Thus, research is needed to explore these technolo-
gies in an ecological context and examine how the
environment influences their success or failure.
Similarly, Microsoft's Project Premonition seeks to
use drones, robots, and other technological
advances for mosquito and pathogen surveillance
to improve disease detection (Microsoft 2019).
Integrating these novel technologies with ecological
knowledge is critical for achieving disease reduc-
tion and prevention.

6.6.3 Integrating Ecosystem Services and
Management

The ecosystem services framework assigns value to
the benefits that natural systems confer to humans.
The framework aims to influence how land man-
agement policies are designed and implemented,
shifting priorities to balance environmental quality,
economic growth, and human well-being (Daily et
al. 2009). This framework—which has traditionally
been applied to services like clean water, food pro-
duction via pollination, flood control, and regulat-
ing a stable climate—is increasingly being applied
to infectious diseases (Foley 2005; Foley et al. 2007).
However, it remains underutilized for these vector-
borne diseases, given the strong links between land
use and their transmission. Future research should
incorporate collaborations with scientists from
complementary disciplines to examine potential
scenarios for economic development and land man-
agement. These predictions will help policymakers
more effectively balance the needs for food, shelter,
and economic prosperity while minimizing poten-
tial for vector-borne disease transmission. Crucially,
this research would also engage local stakeholders
that have often been omitted from discussions
regarding their health and prosperity.

6.7 Summary

Transmission of vector-borne diseases emerges from
the abundances, traits, and ecological interactions of
arthropod vectors, hosts, and pathogens. These pro-
cesses are sensitive to environmental factors like

habitat and land use, temperature, humidity, and
rainfall. Therefore, natural variation and anthropo-
genic changes in these factors have driven patterns
of vector-borne diseases over the past decades, and
will continue to impact them into the future. The
current approaches and promising new directions
will enable us to better understand and predict
vector-borne disease transmission, and thus better
protect human health and economic well-being.
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