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Abstract

The global climate has been changing over the last century due to greenhouse gas emissions

and will continue to change over this century, accelerating without effective global efforts to
reduce emissions. Ticks and tick-borne diseases (TTBDSs) are inherently climate-sensitive due

to the sensitivity of tick lifecycles to climate. Key direct climate and weather sensitivities

include survival of individual ticks, and the duration of development and host-seeking activity

of ticks. These sensitivities mean that in some regions a warming climate may increase tick
survival, shorten life-cycles and lengthen the duration of tick activity seasons. Indirect effects of
climate change on host communities may, with changes in tick abundance, facilitate enhanced
transmission of tick-borne pathogens. High temperatures, and extreme weather events (heat,

cold, and flooding) are anticipated with climate change, and these may reduce tick survival and
pathogen transmission in some locations. Studies of the possible effects of climate change on
TTBDs to date generally project poleward range expansion of geographical ranges (with possible
contraction of ranges away from the increasingly hot tropics), upslope elevational range spread

in mountainous regions, and increased abundance of ticks in many current endemic regions.
However, relatively few studies, using long-term (multi-decade) observations, provide evidence of
recent range changes of tick populations that could be attributed to recent climate change. Further
integrated ‘One Health’ observational and modeling studies are needed to detect changes in TTBD
occurrence, attribute them to climate change, and to develop predictive models of public- and
animal-health needs to plan for TTBD emergence.
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The global climate has been changing over the last century under the influence of emissions
of greenhouse gases (particularly carbon dioxide and methane) from an expanding and
energy-hungry human population, and will continue to change over this century, accelerating
markedly without effective global efforts to reduce emissions (Field et al. 2014). If
greenhouse gas emissions are not reduced enough to keep warming below 2°C, effects on
the planet may be catastrophic. With greater warming there is greater likelihood that climatic
‘tipping points” will be crossed resulting in abrupt and irreversible changes to the planet. An
example is the possible complete loss of the Greenland ice sheet resulting in a global 7-m
rise in sea level flooding most coastal cities around the world, including those of the eastern
United States (Overpeck and Weiss 2009, Field et al. 2014). In this article, we consider the
possible effects of climate change on ticks and tick-borne diseases (TTBDs) this century, but
we do not consider possible extreme effects of climate change that may arise after tipping
points are passed as the consequences cannot be predicted and at that juncture tick-borne
disease may be the least of our concerns.

Impacts of climate change on vector-borne diseases have been thought possible since
impacts of climate change on health began to be explored (Kovats and Haines 1995, Githeko
et al. 2000). Early studies in this field focused on the human-to-human mosquito-transmitted
diseases, such as dengue and malaria (Martens et al. 1995, Patz et al. 1998), but they
generated much controversy. The models projected widespread global spread of these
diseases, but many scientists, particularly entomologists and epidemiologists, criticized these
studies. Apart from criticism of the models used (Rogers and Randolph 2000), the main
basis for criticism was the relatively limited impact of climate on risk from these diseases at
present, due to control programs and socioeconomic factors; i.e., factors associated with the
rate at which people can acquire infection, and then transmit them again to other people via
mosquitoes (Reiter 2001, Reiter et al. 2004). We have previously made the point that human
pathogens transmitted by hard ticks, which are wildlife-associated zoonoses, may be more
directly impacted by climate change and less directly impacted by human activity (Ogden et
al. 2014).

Our capacity to understand, detect, and attribute effects of climate change on TTBD

are enhanced by applying a One Health approach. The One Health concept postulates

that human, animal, and ecosystem health are interrelated and interdependent, and that
preparatory or reactionary responses to threats to human well-being demand holistic,
transdisciplinary approaches encompassing all three components (Cunningham et al. 2017,
Ogden et al. 2019). While in this review individual effects of climate change on TTBD are
explored, climate change will likely impact TTBD via an interaction of effects on animal,
human, and ecosystem health.

In this article, we explore three aspects of climate change and tick-borne diseases: 1)
how climate and weather could impact the occurrence and abundance of ticks and the
transmission of tick-borne pathogens by direct and indirect effects on tick and pathogen life-
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cycles; 2) how projected changes to climate may alter geographical ranges and abundance of
TTBDs; and 3) evidence to date for changes to patterns of occurrence of TTBDs that could
be attributable to climate change. The article is illustrative of the possible effects of climate
change, but, given the enormity of the biological and animal- and human-health fields of
ticks and tick-borne disease, it does not aim to be exhaustive.

Weather- and Climate-Sensitivity of Ticks and Tick-Borne Diseases

In this section, we consider the effects of weather and climate on survival and abundance
of ticks, and on the presence and efficiency of tick-borne pathogen transmission cycles.
Throughout we consider ‘weather’ to mean measures of temperature and rainfall over short
time periods (days to a few months). In contrast, ‘climate’ refers to long-term averages
(usually >3 mo) in measures of temperature and rainfall relevant to the lifecycles of

ticks which are often multiple years (https://www.nasa.gov/mission_pages/noaa-n/climate/
climate_weather.html). The change to climate projected by climate models are regionally
variable; we do not provide details here, which have been summarized in the most recent
Intergovernmental Panel on Climate Change report (IPCC 2013). However, in broad terms,
projected changes to the climate are as follows. Mean temperatures are expected to increase
globally but will increase faster in the northern regions of the northern hemisphere.
Precipitation is expected to increase in the northern regions of the northern hemisphere
and much of Asia, and to decrease in southern North America, northern South America,
the Mediterranean region, and Australasia. These changes are expected to be accompanied
by increasing climate variability and extreme weather events including hurricanes and
cyclones, severe storms, extreme heat events, droughts, and flooding. The changes to
climate (in reality and in model-based projections) are anthropogenic in origin and depend
on socioeconomic pathways, and changes in land use and greenhouse gas emissions

are expected to go hand-in-hand (Harrison et al. 2016). Consequently, it is increasingly
recognized that the climate change effects and land use changes underlying the greenhouse
gas emissions need to be considered simultaneously in projecting change to occurrence and
risk from tick-borne diseases (e.g., Li et al. 2019).

Weather and Climate Sensitivity of Tick Populations

Climate may determine tick population presence and abundance either by direct effects on
per-capita rates of mortality and reproduction, or by indirect effects on tick survival and
reproduction via effects on tick activity, host populations, and tick habitat. In the laboratory,
ticks exposed to far subzero temperatures (less than —5°C) die rapidly (Lindsay 1995, Burks
etal. 1996, Vandyk et al. 1996, Ogden et al. 2004). However, some species can tolerate low
subzero temperatures by virtue of glycoprotein antifreeze in the hemolymph (Neelakanta

et al. 2010). In nature, it appears that in woodland habitats, the duff layer can provide a
refuge for ticks from far subzero temperatures, and in some studies, the daily per-capita
mortality rate of unfed ticks in winter remained similar to those in the summer even though
air temperatures fell to less than —20°C for extended periods (Lindsay et al. 1995; Brunner
et al. 2012; Burtis et al. 2016a, 2019). Ticks are physically and physiologically resistant to
desiccation, but will of course die if they are dehydrated (Lees 1946, Rodgers et al. 2007).
Ticks rehydrate by secreting hygroscopic saliva onto the hypostome in humid environments.
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The saliva absorbs water from the humid atmosphere and, once saturated, the saliva is re-
ingested by the tick (Alarcon-Chaidez 2014). It is thought though that low ambient humidity
has indirect effects on survival of questing exophilic ticks (i.e., those species/instars that
quest for hosts on the surface rather than in host burrows or nests) by causing them to

make more frequent descents to the duff layer to rehydrate, which hastens exhaustion of fat
reserves, and reduces the likelihood of successful host finding (Lees and Milne 1951). Low
levels of environmental moisture may affect tick populations through effects on host-seeking
behavior and success (Berger et al. 2014, Burtis et al. 2016b).

Both ambient temperature and humidity can affect tick questing activity in quadratic
relationships, i.e., exophilic ticks quest less frequently when temperatures are low and high.
They similarly spend more time in the duff layer re-hydrating when humidity is low and
may be repelled from activity by heavy rainfall (reviewed in Eisen et al. 2016). Assuming
ambient humidity is not suboptimal, temperature can affect tick survival by determining

the proportion of each day, and the duration of each year, that they can spend questing,

and therefore the likelihood of host acquisition. Although the effects of climate change on
temperature and humidity would have immediate effects on tick activity and survival, they
also may affect evolutionary trajectories of tick populations by changing the environmental
determinants of fitness. An example is provided by the variation in per-capita mortality

rates of /xodes scapularis Say (Acari: Ixodidae) in different parts of the United States.
Per-capita mortality rates are greater due to greater desiccation stress under hotter conditions
in the southern United States. Dessication stress may have acted as a selective pressure that
resulted in the evolution of host-seeking behavior in which immatures remain below the leaf
litter surface in southern /. scapularis populations, thereby avoiding desiccating conditions at
the surface (Ginsberg et al. 2017).

Temperature affects the rate of development from one life stage to the next: engorged
female to egg-laying female (the preoviposition period), egg development (the pre-eclosion
period), and development of engorged larvae and nymphs to questing nymphs and adults,
respectively (e.g., Ogden et al. 2004). In general, the relationship of the duration of
development to temperature is nonlinear, with development having an increasingly long
duration (or stopping altogether) at colder temperatures (e.g., Ogden et al. 2004). Given that
cold winter temperatures are not limiting on the survival of tick populations as long as the
habitat provides a refuge for the ticks, it has been suggested that the effects of temperature
on lifecycle length, via effects on interstadial development rates, are key to the effects of
climate warming on tick populations. The logic for this is that the warmer the climate,

the shorter the lifecycle, and assuming daily per-capita mortality rates are unaffected by
temperature (other than by effects of temperature on activity resulting in exhaustion of
energy reserves: Burtis et al. 2019), then more larvae survive to be reproducing adults
(Ogden and Lindsay 2016).

Temperature is not, however, the sole determinant of rates of development from one
instar to the next. Interstadial development rates, as well as tick activity, are also affected
by diapause. Here, we distinguish “‘diapause’ from ‘quiescence’. Effects of low or high
temperature and humidity on reducing tick activity is ‘quiescence’ as described above
(Belozerov 2009). Quiescent ticks resume activity as soon as temperature and humidity

J Med Entomol. Author manuscript; available in PMC 2022 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ogden et al.

Page 5

return to suitable levels. In contrast, diapause is a genetic trait for arrested development or
activity arising from internal programming of the tick. This is usually switched on and/or off
by factors such as day-length (i.e., photoperiod) that may have evolved because they signal
approaching unfavorable conditions. However, in some species, temperature may, in fact,
have a modulating effect on diapause (Belozerov 1964, Cabrera and Labruna 2009). Two
types of diapause may impact the lifecycles of ixodid ticks: 1) behavioral diapause in which
unfed ticks delay host-seeking activity even though weather conditions may be favorable;
and 2) developmental (or morphogenetic) diapause in which eggs or fed immatures delay
their development and fed mated females do not oviposit until some months after feeding,
periods of time that are additional to that induced by effects of temperature on development
(Oliver 1989, Sonenshine 1993). Therefore, the length and timing of the life cycle can be
impacted by both ambient temperature-dependent quiescence of activity and development
and temperature-independent, day-length-induced behavioral, or developmental diapause.
Not all members of a local tick population may have the capacity to express diapause.

In North America, Amblyomma americanum (L.) (Acari: Ixodidae) populations appear to
comprise individuals that do and do not exhibit diapause (Pound et al. 1993). Populations
of /. scapularis appear to vary similarly, with interpopulation differences in expression of
diapause at different points in the lifecycle across the tick’s geographical range (Sonenshine
1993; Belozerov et al. 2002; Belozerov and Naumov 2002; Ogden et al. 2004, 2018).

The interplay between temperature-dependent mechanisms and temperature-independent
diapause inducement and termination drivers in tick lifecycles needs to be considered in
assessing impacts of climate and climate change (Ogden et al. 2006, Ludwig et al. 2016).

Climate change is likely to impact the abundance and distribution of tick populations by
indirect effects on 1) the habitat qualities that provide refuges for ticks from extremes

of weather, and may or may not protect ticks from pathogens and predators (Samish and
Alekeev 2001, MacDonald 2018, Li et al. 2019); and 2) the abundance of hosts, which
may also be linked to habitat changes or by direct effects of climate change on survival
(Simon et al. 2014, Dawe and Boutin 2016). It is likely that range expansions/contractions
and changes in densities/species compositions of host and habitat communities will be
highly idiosyncratic for different tick species. Whether or not changes in geographical
distributions of suitable climate, habitat, and host communities actually result in changes
in tick population ranges will depend on the capacity of the ticks to be dispersed outside
existing ranges by hosts.

Weather and Climate Sensitivity of Tick-Borne Pathogen Transmission

Cycles

Apart from the effect of climate change on determining the future geographical distribution
and abundance of ticks, climate change may impact occurrence and force of infection in
pathogen transmission cycles, in three main ways.

Effects on Seasonality of Different Tick Instars

The seasonal activity patterns of ticks depend on the combined effects of climate on
development rates from one life stage to the next, coupled with how climate impacts weather
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conditions suitable for host-seeking activity (e.g., Ogden et al. 2005). In general, warming
patterns in temperate regions would be expected to extend (or advance) the period each year
when temperatures are suitable for tick activity (e.g., Moore et al. 2014, Monaghan et al.
2015). Clearly, effects of surface atmospheric temperature and humidity will be of more
importance for ticks that display exophilic behavior rather than nidicolous ticks that live in
the nests or burrows of their hosts, which may have microclimates that allow year-round
development and activity (Bown et al. 2003). However, as pointed out above, it is possible
that climate change may result in some ticks evolving nidicolous behavior with a consequent
reduction (or at least change) in pathogen transmission cycles (Ginsberg et al. 2017).

For tick-borne pathogens maintained by trans-stadial transmission (without a component of
transovarial transmission), seasonal synchrony of different tick instars can be an important
determinant of the force of infection in transmission cycles. For maintenance of transmission
cycles by trans-stadial transmission, the ‘infecting’ stage (either adult or nymph) must infect
reservoir hosts, and the reservoir hosts must remain infectious and alive long enough to
infect a ‘receiving’ stage (larvae and nymphs if the infecting stage is adults; only larvae if
the infecting instar is nymphs). The more synchronous the seasonal activity of the infecting
and receiving instars, the more efficient will be the transmission cycle. The combined
effects of temperature on tick development and activity may mean that to some extent the
synchrony of seasonality of the different tick stages is climate-sensitive. To what extent
such effects impact transmission cycles depends on the duration of infection or infectivity

in the host and also the life expectancy of short-lived hosts such as rodents. An example

is the transmission of tick-borne encephalitis virus (TBEV) by /xodes ricinus (L.) (Acari:
Ixodidae) ticks in Europe. Infection in rodent hosts is exceedingly short (a few days), so
precise seasonal synchrony of infecting nymphs and receiving larvae, which is climate
sensitive, is an important determinant of the geographical range of risk from TBEV and how
that range may change with climate change (Randolph et al. 1999, Randolph and Rogers
2000). A high degree of seasonal synchrony of infecting and receiving life stages also

may permit transmission between co-feeding ticks, whether or not the host is systemically
infected. In certain circumstances, this can be crucial to the maintenance of transmission
cycles (Ogden et al. 1997, Labuda et al. 1996).

Many tick-borne pathogens have evolved strategies for persistent infection in reservoir hosts.
However, in general, host immune responses result in a relatively short period (days to
weeks) of high parasitemia and efficient host-to-tick transmission for most pathogens in
most host species (Babesia, Anaplasma, Theileriaspp.; Walter 1984, Randolph 1995, Young
et al. 1996, Ogden et al. 2003, Levin and Ross 2004). So although seasonal asynchrony of
tick instars may not prevent the existence of transmission cycles, greater synchrony likely
enhances transmission (Ogden et al. 2008; Fig. 1). It is possible that effects of climate

and climate change may operate indirectly on tick populations to produce geographical
variations in the phenology of tick activity that impact transmission cycles. In northern
North America nymphs and larvae of the tick /. scapularis are seasonally asynchronous
(nymphs in spring, larvae in late summer) in the northeast, whereas in the upper Midwest,
approximately half of larvae are active at the same time as nymphs in spring, so there
appears to be an east-west gradient in the degree to which larvae are active at the same

time as nymphs, and this correlates with climatic variables (Gatewood et al. 2009). However,
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field and modeling studies indicate that the driver for seasonal synchrony in /. scapularis
populations in this region is more likely the degree to which the ticks exhibit the capacity
for temperature-independent diapause (Ogden et al. 2018). Therefore, it is possible that
the impact of climate on seasonal synchrony is via the degree to which the heritable trait
of diapause enhances survival in the tick populations under the different climatological
conditions in the upper Midwest and the northeast of this region (Ogden et al. 2018).

Figure 1 illustrates one of the mechanisms by which the seasonality of tick stages affects
transmission of tick-borne pathogens. In this illustration, nymphs (solid lines) and larvae
(dotted lines) are seasonally asynchronous in the figure on the left but more synchronous
in the figure on the right. In the figure on the left the cartoon of rodents indicates that the
temporal separation of peaks of infecting nymphs and receiving larvae means that many
rodents may become less infective to ticks, or may die, before they have the chance to

host receiving larvae. This would be unlikely when nymphal and larval ticks are seasonally
synchronous as in the figure on the right.

Effects on Reservoir Host Communities

Itis likely that animal reservoir host populations will be impacted by climate change,

albeit in ways that will likely be idiosyncratic for each species (of wildlife), animal
production system (for domesticated animals), and geographical location. Climate change-
driven geographical range changes, extinctions, and invasions affecting individual species
and communities will likely occur, and beyond some broad patterns, these may be difficult
to predict (Wilson et al. 2005, Simon et al. 2014, Urban 2015). Among wildlife host
communities, it is likely that host species that are generalists in terms of their ecological
niches will be those most resilient to change, and this may result in reduced diversity

in tropical regions and increased diversity in temperate regions as tropical generalists
change their geographical ranges (Davey et al. 2013, Kortsch et al. 2015). Some researchers
consider that decreases in host biodiversity are associated with increased risk of tick-borne
pathogens, whereas increases in biodiversity are protective (the “dilution effect’; Keesing
and Ostfeld 2015). However, the extent to which changes in host diversity will impact
tick-borne pathogen transmission is much debated (Wood et al. 2014, Levi et al. 2016), may
be limited, and could act to increase or decrease risk (Ogden and Tsao 2009).

Effects on Pathogen Survival

For pathogens transmitted by dipteran vectors, the duration of the extrinsic incubation
period (EIP: the time it takes for ingested pathogens to multiply and spread from the gut

to the salivary glands for onward transmission) is an important temperature-dependent
determinant of when and where transmission can occur now and in the future with

climate change. However, as the development of the pathogen in hard-bodied ticks happens
during feeding on the host, at approximately the host’s body temperature, and because
transmission typically occurs in a subsequent life stage (often months later), the EIP is not a
determinant of where and when tick-borne pathogen transmission cycles can occur (Ogden
and Lindsay 2016). Inhibition of transmission of tick-borne pathogens by low temperatures,
and enhancement of transmission by a changing climate, are therefore by virtue of the
effects on tick and reservoir host occurrence and abundance. It is possible though that
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high temperatures can inhibit transmission by effects on pathogen survival in ticks. In vitro
growth of Lyme disease-causing spirochaetes was suboptimal at high temperatures (MVeinovié
et al. 2016).

Effects of Climate Change That May Reduce Tick Populations and Pathogen

Transmission

High temperatures may have negative effects on some tick and pathogen populations.

High temperatures make the cuticle of arthropods more permeable to water, reducing their
resistance to desiccation (Beament 1959), and may have effects on fecundity in some
species (Fish 1993), so in general, very high temperatures may limit tick populations in
some locations. This could drive ticks to evolve a more nidicolous behavior as seen for /.
scapularfs in the southern United States (see above) resulting in reduced tick-borne pathogen
transmission. For more specialized tick-host—pathogen systems, different effects of climate
change on each species could potentially disrupt transmission in some locations (Fernandez-
Ruiz and Estrada-Pefia 2020), while changes to seasonal synchrony of different tick instars
may disrupt transmission of some pathogens such as TBEV in some locations (Randolph
and Rogers 2000). Chaotic climate and weather extremes associated with a changing climate
may impact tick survival. In general, variable weather and climate may be more lethal

to ticks than absolute temperatures (Hermann and Gern 2013). Extensive flooding due to
heavy rainfall events may kill ticks as long as flooding is prolonged (Bidder et al. 2019) or
covers ticks with silt preventing questing (Weiler et al. 2017), whereas droughts will likely
reduce tick populations due to desiccation (Berger et al. 2014). Survival of ticks in some
habitats, which provide limited refuges from extremes of temperature and humidity, may
depend on the stability of current weather patterns. For example /. ricinus, normally a tick
of woodland habitats, survives on relatively barren sheep grazed uplands in northern and
western United Kingdom and Eire in part due to mild winters and high rainfall throughout
the year (Gray 1998). Chaotic weather bringing droughts, and very cold and very hot periods
may particularly impact tick populations in such exposed habitats.

Projected Effects of Climate Change on Ticks and Tick-Borne Pathogens

There have been extensive efforts to assess the effects of projected climate change on ticks
and tick-borne pathogens and examples are identified in this section. Many have focused

on how geographical ranges of ticks may change, by inferring a climate ‘envelope’ for tick
species populations from field and laboratory observation (and synthesis in dynamic models)
or by ecological niche modeling approaches using presence/absence or presence-only data.
Some have explored the effects of climate change on the seasonality of, and duration of
seasons for tick activity, again by inferring from observational data the climatic determinants
of activity. In our experience, better quality assessments of the possible impacts of climate
change have the following characteristics:

Biologically plausible and externally validated associations of aspects of tick
lifecycles and/or tick-borne pathogen transmission cycles (or their presence/absence)
with climate variables under current climate.
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Projections of future climate that come from ensembles of established regional

or global climate models, such as the Coupled Model Intercomparison Project 5
(CMIP-5; Taylor et al. 2011), to account for variability among equally plausible
futures projected by different models (while noting that some models are designed for
particular geographical regions).

Projections for a range of future time slices up to a century ahead. Projections of
future climate according to different scenarios for greenhouse gas emissions, which
are currently termed representative concentration pathways (RCPs; van Vuuren et al.
2011).

All aspects of the sciences involved in projecting the effects of climate change on TTBDs
(acarological, ecological, microbiological, climatological) have evolved over the ~25 yr of
study of the effects of climate change on vector-borne diseases, and the literature reflects
this. In the following illustrative summary of studies on projected effects of climate change,
it is not our intention to score the studies according to their adherence to the characteristics
described above, although that may be a worthwhile objective of future studies. It is also
not our intention to list these studies exhaustively, and a systematic review is needed

to more completely assess the literature. The majority of the studies that project the

effects of climate change on ticks and tick-borne pathogens are those exploring possible
geographical range changes. The most common method used to establish relationships with
climate are ecological niche modeling (e.qg., for A. americanum, Dermacentor variabilis Say
[Acari: Ixodidae] and Rhipicephalus microplus Canestrini [Acari: 1xodidae]: Marques et
al. 2020), and other “pattern matching’ approaches such as landscape regression (e.g., /.
scapularisin North America: Brownstein et al. 2005). In some studies, dynamic models are
used to infer sensitivity of populations to temperature by modeling effects of temperature
on tick development and activity obtained from laboratory and/or field data (e.g., /.
scapularis and A. americanum in North America, respectively: Ogden et al. 2006, 2014
and Sagurova et al. 2019; and /. ricinusin Europe: Li et al. 2019). In some studies,
relatively simple metrics of the climatic determinants of tick population survival such as
climate envelopes have been used (e.g., for Haemaphysalis longicornis Neumann (Acari:
Ixodidae) in New Zealand, /. ricinus in Europe, and Rhipicephalus species in Africa,
respectively, Lawrence et al. 2017, Jaenson and Lindgren 2011, Olwoch et al. 2007). In
almost all cases projected, changes in tick distributions were considered as proxies for
future distributions of tick-borne pathogens, and all have projected pole-ward and upslope
(altitudinal) expansion of the range of tick populations in temperate regions, whereas some
have projected possible poleward contraction of equatorial limits of tick ranges associated
with very high temperatures (e.g., Minigan et al. 2018, Brownstein et al. 2005; Fig. 2).

The projected distributions of Rhjpicephalus and Amblyomma species ticks in sub-Saharan
Africa produced a complex picture of range expansions and contractions depending on
species and geographic location associated with interactions among latitude, altitude, and
the relative importance of temperature and rainfall on habitat suitability for each species
(Olwoch et al. 2007, Estrada-Pefia et al. 2008).

Clearly, changes in the geographical patterns of climatic suitability for tick species will
not result in rapid changes in geographical ranges unless there is sufficient long-range
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movement of ticks by hosts into new areas of suitability. Terrestrial hosts can carry ticks
over relatively short distances, producing a ‘pushed’ slow expansion of the ranges of
TTBDs, whereas migratory birds appear capable of more rapid ‘pulled’ range expansions
(reviewed in Ogden et al. 2013). Migratory passerines seem particularly capable of
dispersing exophilic ticks and the pathogens they carry (Scott et al. 2001, Ogden et al.
2008, Dubska et al. 2009, Cohen et al. 2015), as well as bird-specialist nidicolous ticks
(e.g., Scott et al. 2001, Gray et al 2014). So in many cases, geographical range changes
could be expected to result from a changing climate. One study has identified the impact of
climate change on the geographical distribution of TBEV in Europe via the effects on where
seasonal synchrony of larval and nymphal /. ricinus activity is expected to occur (Randolph
and Rogers 2000).

As well as effects of climate change on geographical ranges of ticks, some studies have
assessed how climate change may affect the onset or duration of tick activity and the impact
on human cases of tick-borne zoonoses such as Lyme disease. In these studies, the season
of tick activity generally begins earlier in the year and is potentially longer (e.g., Levi et al.
2015, Monaghan et al. 2015, MacDonald et al. 2020).

Evidence for the Effects of Climate Change on Ticks and Tick-Borne

Disease

Evidence for the effects of climate change is a two-step process—detection in changes

to the occurrence of TTBDs and then attribution to climate change (Ebi et al. 2017).
There are many surveillance or ecological monitoring systems and studies globally that
are capable of detecting changes in occurrence over small time scales (e.g., Clow et al.
2017, Hvidsten et al. 2020), and these can be useful in supporting evidence of a climate
signal in tick range changes by virtue of observed geographical patterns of range expansion
that correlate with climatic conditions (Ebi et al. 2017). Stronger attribution is, however,
provided by surveillance that has been in operation long enough to provide the long-term
datasets needed to attribute those changes to climatic change. Examples of cases where
datasets are long enough to potentially attribute changes in tick or pathogen occurrence
to contemporaneously observed climate change, and in which range expansion occurred
logically after temperatures increased, include those that tracked the northward expansion
of Ixodes persulcatus Schulze (Acari: Ixodidae) and TBEV occurrence over 20-30 yr in
northern Russia (Tokarevich et al. 2011), the expansion of /. ricinus in a region of eastern
Russia over 35 yr (Korotkov et al. 2015), the northward expansion in the range of /.
scapularis ticks in southern Canada over 25 yr (Leighton et al. 2012), and the altitudinal
increase in TBEV over 38 yr in the Czech Republic (Kriz et al. 2012). An increased
incidence of TBEV infection in an already endemic area of Sweden was reported over a
38-yr surveillance period and associated with a warming climate (Lindgren and Gustafson
2001). However, each case is essentially a single observation, and there are many other
possible climate-independent reasons why ticks and tick-borne pathogens may change
their geographical ranges (Randolph 2010, Kilpatrick and Randolph 2012, Kugeler et al.
2015, Eisen et al. 2016), so caution must be taken in interpreting studies and attributing
distributional changes to climate change. Nevertheless, there is increasing evidence of
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changes in the ranges of ticks in multiple locations that are consistent with an impact of
climate change.

Knowledge Gaps and Future Research, Surveillance, and Modeling Needed

Inevitably, assessments and observations of the possible effects of climate change on the
occurrence of, and level of risk posed (to humans or animals), by TTBDs use simple
metrics such as presence/absence and abundance/prevalence as these are what are readily
measurable at present. However, clearly there are complexities to tick lifecycles and
transmission cycles that may be affected by climate change. Impacts may operate by (or

be mitigated by) regulatory mechanisms such as acquired host resistance to ticks and
pathogens. High temperatures (and perhaps other weather stressors) may impair expression
of acquired immune responses by animal hosts (Jolles et al. 2015, Bagath et al. 2019)

and reduce the effects of host immunity on regulation of tick and pathogen populations.
Increasing abundance of ticks associated with a warming climate may be limited by, or
actually overcome by density-dependent acquired resistance to ticks (Ogden et al. 2002a,b),
and at the same time affect pathogen transmission at the tick-host interface (Wikel 1999).
Increased tick density may facilitate regulation of pathogen transmission via ‘endemic
stability’, i.e., higher densities of ticks increase the likelihood that hosts acquire tick-borne
infections as very young animals when they are partially protected from severe disease due
to maternal immunity to the pathogens (Norval et al. 1992). Changes in the population
dynamics of wild animal host communities, as well as multiple, sympatric ticks and
pathogens (Gasmi et al. 2018), may mean that effects of climate change are difficult to
detect or predict. Furthermore, climate change is likely to impact evolutionary trajectories
of all components of the tick-host—pathogen community. Tick populations often demonstrate
genetic heterogeneity in different geographical locations (e.g., for /. scapularis, Qiu et al.
2002, Gulia-Noss et al. 2016, Xu et al. 2020), which may be associated with differences

in lifecycle processes, survivorship, and host-seeking behavior (e.g., Ginsberg et al. 2014,
Ogden et al. 2018, Arsnoe et al. 2019). To what extent genetic heterogeneity is driven

by climate is generally unknown, as is any potential effect of climate change. However,
effects on trajectories of tick and pathogen evolution may result in adaptive emergence of
tick-borne pathogens that have greater impact on human and/or animal populations in terms
of pathogenicity and invasiveness (Ogden et al. 2019).

There is an increasingly urgent need to predict possible emergence and re-emergence of
tick-borne diseases for public and animal health planning. Throughout, a One Health
approach will be necessary to encompass the complexity of the relationships needed for
prediction, detection, and attribution of effects of climate change. Modeling will continue
to define ecological niches, their climatic component, and other key determinants that
must be accounted for. ‘Pattern matching’ approaches will continue to be relevant, but
the capacity for ticks and pathogens to expand their range into ecozones where they have
not occurred in human memory or record (e.g., /. scapularisin southern Canada), and to
be absent from some suitable locations in areas of emergence (Clow et al. 2017) means
that enhanced mechanistic knowledge of tick lifecycles and population processes, host
population dynamics and pathogen transmission are increasingly needed to validate pattern
matching approaches and to support dynamic modeling approaches.

J Med Entomol. Author manuscript; available in PMC 2022 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ogden et al.

Page 12

A coordinated research and surveillance program that iteratively links field and laboratory
observations with in-silico synthesis is needed for these purposes. However, the foundation
of such endeavor will be long-term One Health observational studies that record as many
aspects of TTBD ecology and epidemiology as possible. These studies need to 1) be
strategically placed along ecological, climatological, altitudinal, and latitudinal transects, 2)
run for timescales long enough to detect changes in occurrence patterns and attribute these
to climate change, 3) be equally capable of exploring and accounting for climate change-
independent drivers of changing patterns; and 4) detect reductions as well as increases in
risk from TTBD.
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Fig. 1.

Impacts of seasonality of tick instars on transmission of tick-borne pathogens (after Ogden
et al. 2008b). The dark gray and light blue rectangles illustrate differences in the degree of
overlap of seasonal activity of larvae and nymphs.
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Fig. 2.

Schematic diagram of projected effects of climate change on tick and tick-borne pathogen
populations. In the table to the right selected examples where there is evidence of changes
are shown. Details of these changes are described in the text.
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