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Abstract

Because tick and tick-borne disease distributions are so tightly linked to the environment, a robust
conceptual background is necessary to build useful empirical and process-based models and to
interpret results coherently with pathogen, vector and host ecology. This is especially pressing
when considering that tick-borne pathogen circulation is a complex ecological system that has
been studied in a great diversity of ways, producing results that may appear challenging to
synthesise. We propose that a resource-based habitat concept can provide helpful leads to collect
data, elaborate models and interpret and assemble upcoming and existing results. Two elements
in the existing knowledge and its gaps, and in the current ecological context encourage us to
explore such a conceptual framework. First, it is rare in the current practice to focus on the ecology
of the pathogen, whereas this may be a key element in understanding the role of biodiversity
in pathogen circulation. Second, the role of non-classical tick habitats (e.g. forest encroached
areas and meadows) is getting more and more often highlighted, indicating that summarising tick
habitat, or pathogen habitat, by a single vegetation class is not suitable. We revisit two simulation
models (a cellular automata and an agent-based model) that focus on infected ticks and on tick
population dynamics. In these models, the potential of a resource-based habitat concept can be
highlighted. We then discuss how to implement this concept for studying the ecology of tick-
borne pathogens.

Keywords: biological resources, environmental factors, functional habitats, movement ecology,
tick-borne pathogens

Introduction

Tick distribution and tick-borne disease transmission is closely tied to the environment (e.g.
Medlock et al. 2013, Randolph 2001). This relates to the fact that ticks, the pathogens they may
host, and the organisms they feed from all have specific habitat requirements. Identifying these
requirements allows identifying and predicting the riskiest environments and, potentially,
modifying these conditions to make them less suitable for pathogen circulation and transmission.

Studies investigating associations between environmental factors and elements of tick-borne
disease transmission systems have been carried out in many different ways: examining different
groups of environmental factors, using different entry points into the system (i.e. the variable to
be explained or predicted by a quantitative model), or different methodologies. Environmental
factors highlighted for ticks, their hosts, and their pathogens range from regional or continental-
scale environmental factors to the micro-scale. At the regional or continental scale, environmental
factors considered mostly aim at identifying the climatic envelope of ticks: where are climatic
conditions suitable for ticks to survive and develop. These factors are mostly considered at a
coarse scale and are monitored using remote sensing or interpolated weather station data such
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as WorldClim (http://www.worldclim.org) (Estrada-Pefa et al 2006, 2016). At the landscape
scale, focus usually shifts to the fine or mid-resolution habitat characteristics mostly related to
vegetation. Land cover maps are often used and can be processed to describe various elements
of the landscape such as composition (how much of a land cover) and configuration (how it is
arranged) (Dobson et al. 2011b, Halos et al. 2010, Vanwambeke et al. 2010). Finally, some studies
also focus on fine scale characteristics of the environment that can cover weather conditions
(instantaneous or short-time scale temperature, relative humidity), fine scale vegetation and soil
conditions, such as presence of ground vegetation or litter (Gassner et al. 2011, Randolph and
Storey 1999, Tack et al. 2012). Few studies combine scales of studies (De Keukeleire et al. 2015,
Jore etal. 2014, Li et al. 2012b).

Studies may also use different entry points, that is, look at different dependent variables or model
outputs. Often used entry points are the presence and abundance of (infected) ticks, usually
measured through flagging (Barandika et al. 2006, Boyard et al. 2011, Richter and Matuschka
2011). Other entry points related to the vector include counting ticks on hosts (Carpi et al. 2008,
Claerebout et al. 2013), and reports by veterinarians (Jore et al. 2011). Other used or potential
entry points include infected hosts (Juficova and Hubalek 2009), tick bites (in a survey or in citizen
or at-risk population reports) (De Keukeleire et al. 2015, Hugli et al. 2009), and human disease cases
(Linard et al. 2007, Zeimes et al. 2014). The latter, using human case reports, is an attractive option
as it relies on the most systematic, spatially exhaustive and temporally deep datasets available,
whether the disease considered is reportable or not. However, it adds the important filter of
reporting and exposure. Domestic animals serology libraries offer an interesting alternative
with temporal depth (Jore et al. 2014), but an exposure filter persists for most domestic animals
populations. The consequence of this diversity of measurements of the intensity of tick-borne
disease transmission is that we are effectively looking at the process through keyholes, none
of which allow us to get an extensive view of the phenomenon, either because it is practically
difficult to get a large number of consistent measures, or because the measure can only report on
a part of the system. This is why studies on tick-borne disease transmission are often considered
to only assess the emerged part of an iceberg (Randolph and Sumilo, 2007).

Methods encountered include both empirical studies (most of the studies cited above), or process-
based models that attempt to model the effect of host, host habitat, tick habitat or weather and
climate variables on tick emergence and population dynamics (Dobson et al. 2011a, Hancock et
al. 2011, Hoch et al. 2010, Ogden et al. 2005).

While a wealth of results has come out of such studies, our understanding of how the observed
associations relate to the ecology of tick-borne disease transmission remains proportionally poor,
and can be confusing to those less acquainted with ecological modelling. Results may appear
contradictory, while they may simply reflect different local conditions, or a focus on a different
part of the system. A striking example of this concerns habitats described in some areas as of
intermediate suitability, whereas in some regions they may represent the best habitat available
and therefore the most significant one (for an example on hantavirus, see Zeimes et al. 2015).
Because some such habitats are related to intense human exposure to tick bites, they are of high
relevance from a public health perspective. Also, the choice of a scale of study is often suggested
as more advantageous than another, whereas they are complementary, as is the case in most
ecological processes (Forman 1995).

In this paper, we identify and discuss two specific challenges that are currently poorly addressed
in most empirical studies, such as those cited above, or the less numerous process-based studies.
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First, few studies include the ecology of the pathogen in their focus. This is a key element for
modelling tick-borne disease transmission, particularly considering the role of biodiversity on
the circulation of pathogens. This is beginning to be conceptually formalised but it is still poorly
represented in models, with many studies producing apparently idiosyncratic results. Second, more
and more studies are pointing towards the role of non-classic environments for ticks, primarily
non-forest habitats (Hartemink and Takken 2016, Rizzoli et al. 2014, Spitalskd et al. 2016, Uspensky
2014). Several reasons can be highlighted for their possible role: they are suitable habitat for tick
hosts; transitional environments (e.g. bushy areas, forest encroached areas, grasslands) are a major
feature of landscapes in some regions, or one that is expanding (Estel et al. 2015, Meyfroidt and
Lambin 2011, Navarro and Pereira 2015); or these areas are highly suitable for human exposure to
infected ticks. It is becoming clear that there is not just one type of vegetation or land cover that
is linked to tick-borne pathogen (TBP) transmission. This highlights the need for a new perspective
on the role of the landscape in shaping the risk of TBP transmission. Focusing only on forests as
risk areas is clearly not sufficient, we need to look at other vegetation and land cover types as well,
provided that the conditions in those areas are suitable for TBP transmission. Assessing whether
this is the case, requires a framework that incorporates the link between landscape factors and
the functional ecology of the actors involved in TBP transmission (ticks, hosts and pathogens).

We propose that a habitat concept focusing on ecological functions and their associated resources
for all species involved - not only for the vector or for the hosts, but also for the pathogen - as
drawn from conservation ecology, can bring a robust and useful perspective on these questions
and help consolidate both existing knowledge and future studies. In our conceptual model, the
organism of focus is the pathogen considered. After presenting the concept and its adaptation
to tick-borne pathogens transmission systems, we revisit existing models in the light of the
resource-based habitat concept and discuss a few lines for implementation of the concept to
better understand the ecology of these diseases.

The perspective of functional ecology: the resource based-habitat concept

In a functional ecology perspective, we adopt a focus on the organism and its ecological
requirements, rather than approaching it from the angle of habitat characteristics or classes
such as vegetation types. Initially proposed in the field of conservation biology (Dennis et al.
2003, 2006), this approach has been conceptually adapted to deal with vector-borne diseases
(Hartemink et al. 2015) and illustrated with the case of bluetongue virus. At various life stages,
an organism needs to be able to carry out a certain number of functions (e.g. feeding, mating,
diapausing). These functions can be associated to specific resources found in the environment,
which can be either a consumable (e.g. host plant for an herbivorous insect) or utility (e.g. suitable
micro-climate). The resource-based habitat concept (RBHC), in line with the classical ecological
niche concept, considers in a bottom-up way the ecological resources needed by the organism
of interest (here, the pathogen) to complete its life cycle, from which a functional habitat arises.
In order to determine whether a habitat is suitable for an organism, the RBHC explicitly takes into
account the movement capacity of animals and the distance between the different resources
needed during all life stages of the organism. This means that a habitat may not correspond to
a single land cover or landscape patch type, but rather to a combination of different land cover
types or landscape elements, that offer all required resources within a range than can be covered
by the individual.

Ecology and prevention of Lyme borreliosis 207
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A resource-based habitat concept for tick-borne diseases

The primary purpose of RBHC is to set up a conceptual framework, which can subsequently be
used in various ways to support modelling (Hartemink et al. 2015). Here we present the structure
of the concept as adapted to TBP, generally, illustrated with Borrelia spp. The concept is illustrated
in Figure 1. In this general model, we focus on fine-scale environmental features and ecological
interactions, and assume climatic conditions favourable to pathogen, vectors, and hosts.

Pathogen level

Three essential functions are identified for vector-borne pathogens: replication in the host,
replication in the vector and transmission. This can be identified for any TBP. Two resources are
thus necessary to complete the life cycle: reservoir hosts and vectors. Their functional habitat
needs to be considered as well. In the case of Ixodes-borne diseases, many reservoir hosts need
to be considered, also depending on which pathogen is considered. For Borrelia burgdorferi
genospecies of public health relevance, the role of rodents can be highlighted, especially
Apodemus spp., particularly as vectors of genospecies Borrelia afzelii, and of birds (Borrelia garinii,
Borrelia valaisiana) (Lommano et al. 2014, Mannelli et al. 2012).

- Function
@ Resource

*: diapause: developmental
or behavioural

Figure 1. Application of the resource-based habitat to tick-borne pathogens. Identification of the functions (light
grey boxes) and resources (grey boxes) is first done at the level of the pathogen and then at the level of both
the vector and hosts. A box for non-competent hosts is added to account for their role in tick reproduction and
population dynamics.
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Vector level

Vectors are a necessary resource for the vector-borne pathogen functions of transmission and
replication in the vector, and vectors have their own functions and resources that need to be
accounted for, which include hosts. For Ixodes vectors, a number of functions will be the same
for all motile life-stages (larvae, nymph, adult) but correspond to different resources (Figure 1),
with older life-stages generally feeding on gradually larger hosts, and questing higher on the
vegetation. Larvae quest on low, grassy vegetation and feed primarily on small mammals and
birds — among which many reservoir host species are found, while adults quest also on bushes and
on larger animals, such as deer, often as a result considered as key for reproduction. Each stage
takes a single blood meal over three to seven days. When not questing or attached to a host, for
oviposition, for eggs to moult into larvae, ticks require a protective layer of litter, such as what can
be found on the ground of deciduous forest. Tick movement is extremely restricted and mostly
vertical along the vegetation. Ticks can however end up far from their place of hatching as their
feeding hosts can move considerable distances - host movement capacity is therefore the main
component for tick spread.

Host level

While their functions and resources may not differ greatly, or not differ in relation to this divide,
we need to consider two types of tick hosts: those competent for supporting pathogen functions
(that are thus a pathogen resource as well as a tick resource) and those that are not competent
(i.e. in which no systemic infection/pathogen replication is observed) and that only support tick
functions. As some tick species, in particular those considered here in priority (Ixodes spp.), are
opportunistic feeders, it is not feasible to list here all possible host species and their associated
resources but when looking at Borrelia burgdorferi we can make a general distinction between
reservoir hosts (including many rodent species) and non-competent hosts (that include e.g. red
deer, roe deer). It is necessary and useful to assess which areas of the landscape, including in
the sense of a combination of spatially explicit land cover or vegetation types, contain the set
of resources for possible hosts. This will lead to consider specifically host movement capacity,
permitting or not to access the necessary combination of resources for survival. Likely, it is a
combination of land covers that holds the resources making up a host’s habitat, also considering
that resources will be needed in sufficient quantities.

This brief outline focuses on the general concept and did not outline precisely the functions
and resources of specific species concerned here, which would be beyond our scope. Our main
purpose is to present the concept and highlight its potential when studying TBP. Also, considering
the resource needs of the vector(s) as well as of the hosts sheds light on why such diverse habitats
have been identified as favourable for tick-borne disease transmission in the general sense of
the term.

Cellular automata and agent-based models to implement RBHC

We here revisit two simulation models that have implicitly integrated RBHC principles as outlined
above and examine their set-up and results in the light of the RBHC.

Ecology and prevention of Lyme borreliosis 209
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Landscape fragmentation and transitional habitats

Lietal.(2012a) elaborated a cellular automata model to assess the role of landscape fragmentation
on tick abundance and infection prevalence (for a schematic overview of the model see Figure
2). This model explicitly represented the movements and habitat preferences of two types of
host species. A generic small reservoir host, calibrated following bank voles Myodes glareolus, is
assumed to move small distances and stay in the forest, whereas the other host type, a generic
large reproduction’host (i.e. that provides blood meals but does not become infected), calibrated
following roe deer Capreolus capreolus, moves across larger distances and used forests (mostly
for shelter) as well as grassland (for foraging). The composition and configuration of the highly
suitable tick and host habitat (assumed to be forest) was modified in the different simulations: the
proportion of ‘forest’ - highly suitable habitat, that is resource-rich habitat - varied between 20
and 80% and forest patch (‘block’) size varied between 1 and 100 ha. Non-forest areas were ‘non-
vegetated’ (low or no resources), or ‘grassland’ (medium level of resources for hosts).

Depending on whether the areas surrounding the forest were grassland or non-vegetated areas,
the outcomes in terms of the effect of fragmentation of the forest patches were radically different.
When the forest is surrounded by grassland, the model predicts the density of infected nymphs to
be highest in large patches of forest, whereas if the surrounding areas consist of non-vegetated
areas (unsuitable habitat for deer), the density of infected nymphs was highest in the scenarios
with few and small patches of forest. These seemingly contrasting outcomes are a direct result
of the underlying assumptions of the model. In case of forest surrounded by grassland, deer will
move into the grassland for foraging and also drop off ticks there. Ticks have a lower survival in
grassland compared to forest (due to an increased desiccation risk). More grassland thus means
more deer movements into grassland, more ticks being dropped off in grassland and lower survival

Weekly survival
el ol > i
& | Questing larvae | Weekly
. @ : A4 Attach on random
| Feed|ng larvae | ............... movement
Larvae (forest)

Larvae drop & development
Weekly survival

§

.............. - Sma" mammal/

. ) . - /) .............. . reservoir host (H)

*", ,*, | Questing nymphs |

-+ & ¥ Attach on

* L | Feeding nymphs |::::::::::::::: Weekly
Fogs N h random
ymp * movement

Nymphs drop & development
Weekly survival

l : Reproduction
A s - A f) e ssenes * host (R)
% % | Questing adults | i Attach on
N v :

Adults
(female & male) —'

Adults drop, egg laying & egg hatching

Feeding adults | .............. i

Figure 2. General structure of the simulation models revisited (modified from Li et al. 2012a, 2014, where details
of the models can be found).
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for ticks (grassland basically acts as a‘sink’for ticks), which hampers TBP transmission. In contrast,
if the forest is surrounded by unsuitable areas for deer, the deer will stay in the forest, as will the
ticks, and the interaction between ticks, small hosts and deer intensifies as the area of forest
(patches) becomes smaller, which increases TBP transmission. This shows that the assumptions
made in such a simulation model heavily affect the simulation results, and a robust ecological base
is therefore absolutely necessary.

The cellular automata model presented in Li et al. (2012a) thus implicitly incorporates several
aspects of the RBHC approach, such as the focus on the movement capacities and use of the
landscape of the different hosts and the results underline in a striking manner that tick dynamics
are heavily impacted by how hosts of various types may effectively use the landscape. However,
now that we can use the RBHC framework to provide a ‘checklist’ of the relevant actors (i.e. ticks,
pathogens and hosts), resources and mechanisms, it becomes clear that the biological realism
of this and other models can still be improved. For example, including more specific resources,
possibly associated to vegetation types more easily addressed by mapping and land management,
would allow better nuancing of scenarios and results. Rather than dividing the area in just forest
and grassland, or forest and non-vegetated areas, it would be useful to include the ecological
functions of the border zones, the so-called ecotones, with their own specific resources. Also,
the amount of resources needed per individual need to be taken into account. The results of the
cellular automata model may have been different if the resource availability had been modelled
explicitly, since resources may not be available in sufficient amounts in very small forest patches
as those assumed in the model. Making such small forest patches unusable by deer would thus
improve the biological realism of the model. Another straightforward next step is to increase the
host diversity in the model, as long as information on resource/landscape use, movement capacity
and interaction with ticks are known.

Feeding host control: impact of deer management on ticks

Lietal. (2014) used an agent-based simulation to examine the consequences of deer management,
through scenarios modifying mortality or movement, on the spatial dynamics of Ixodes ricinus (Li
etal. 2014). The main focus concerned a realistic representation of deer movement, and scenarios
based on existing or foreseen practices related to game or disease risk management. Ticks were
also included in the model, including a detailed life cycle and attachment on (a generic) small
mammal, and (generic) deer. Pathogen transmission was not considered. Deer movements were
calibrated based on existing knowledge concerning roe deer and red deer movements and
included two types of movements: home ranging (short distance movement for e.g. foraging)
and displacement (long range movements to other, e.g. less populated, habitats). These two
types of movement correspond to specific sets of rule that include several steps (‘phases’) and
are constrained by movement capacity - which is longer in displacement than in home ranging.
Animals moved around an artificial landscape made out of three patches of woodland and a
matrix of grassland. Four scenarios were considered: (1) reducing local deer density through
hunting (across the landscape or in a local woodland patch); (2) controlling deer grazing intensity
in grassland (applied by reducing movement capacity and time spent in the grassland matrix
in home ranging); (3) translocation and reintroduction of deer; and (4) controlling human
disturbances and deer displacement (reducing displacement caused by human disturbances).
This therefore, from a RBHC point of view, considers tick resources as well as deer resources and
movement capacity to access diverse resources.

Ecology and prevention of Lyme borreliosis 211
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This multi-host, multi-land cover model underlines the need to consider host movement capacity
in order to understand tick population dynamics at the landscape level, and that the range of
movement, combined with the landscape fragmentation, modifies the outcome of scenarios. The
results indicated that the effect of locally controlling deer population on tick population differs
according to the movement capacity of deer: if it allows deer to reach patches where control was
applied, the effect on tick population is greatly reduced. The second scenario tested the effect
of a decrease of the use of grassland by deer. This reduced tick abundance in grassland, but
increased it in woodland, where ticks may thus feed more often on reservoir species. The third
scenario indicated that suppressing deer in an area does not suppress ticks, which can still feed
on other hosts. The suppression of deer may result in an increase in small mammal densities,
and once deer are reintroduced, density levels can reach higher level than at the start of the
simulation. The decrease in deer displacement applied in the fourth scenario indicated resulted
in a decrease in overall and maximum tick density, which may relate to the model set up for use
of grassland, where tick mortality is higher, and to movement rules (choice of a destination cell).
Still, it does point at relevant public health implication of the establishment of ‘quiet zones' (areas
excluding human disturbances) inisolated areas - as movement capacity and landscape structure,
as presented above, modify the effect, in terms of tick abundance and locations, of such processes.
Results were consistent with other studies, both empirical and of simulation (see Li et al. 2014).

A full RBHC perspective as presented above would need to have the pathogen as its main
organism of focus. This is feasible as the pathogen’s resources (host and vector) are effectively
present in the model. Concerning host and vector, several resources are included (e.g. grassland
as a key element for feeding; hosts for ticks). However, the results do highlight that movement
capacity, as well as landscape structure (are landscape features, such as woodlands, accessible?)
do affect the outcome of a change in pathogen resource abundance. The results raise the issue
of substitutions between resources - or else the need to carefully assess the potential of various
animals or landscape features to serve as resources. A model set up such as this one indeed allows
testing the effect of substitution or the lack thereof. In the context of dynamic landscapes that are
subjected to managements by diverse public health authorities, this is an important issue, and
one that a conceptual framework such as RBHC can usefully address.

Discussion: challenges and perspectives for RBHC in understanding and
management of disease risk

At the most basic level, RBHC underlines two major ideas. First, that, often, a single vegetation type
cannot represent the entire habitat, whatever the species concerned. Any host, vector, pathogen
species we may consider in the context of vector-borne and zoonotic diseases, including tick-
borne diseases, has a range of functions that requires specific resources in order to be fulfilled.
Second, as Figure 1 makes very clear, the habitat of a pathogen, does not equate to the habitat
of the vector. Far from approaching the issue of environmental suitability for TBP in an overly
complicated and detailed fashion, the structure that RBHC encourages to build offers keys to
understand a complex system.

Operational constraints clearly remain, such as those generated by the information content of
existing environmental databases or what is currently possible to monitor when it comes to
vectors, hosts or the TBP themselves. This should not preclude the use of a RBHC concept, and
may help in directing data collection in a resource tight context. It does not require mapping
resources specifically, but primarily encourages the identification of any vegetation type or
landscape feature that could provide them, rather than the element providing it mostly. Then,
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examining the distribution of these features through the lens of host movement completes the
picture. Such operationalisation of the concept have been demonstrated previously for insects
(Kalarus et al. 2013, Turlure et al. 2009, 2010). Across a continent such as Europe, the suitability of
vegetation types can vary for the transmission of zoonotic pathogens, with some vegetation types
classically assessed as unfavourable in some areas that are found suitable in others. This was found
for hantavirus by Zeimes et al. (2015). Medlock et al. (2008) found that grass/dwarf heath likely
offers better protection from desiccation for ticks than the nearby deciduous forest. Considering
resources available rather than vegetation types allows making such interpretations in diverse
environments. In existing models, RBHC offers additional perspectives on results that may appear
unexpected, and in areas where the primary habitat of /. ricinus ticks, deciduous forest, is poorly
represented (Vanwambeke et al. 2016).

A major challenge, but also a major opportunity, for the application of RBHC to TBP is the
opportunistic feeding behaviour of ticks, which may feed on reservoir or non-competent hosts.
Models are currently unlikely, in relation to parameterisation and computing, to accommodate
a representation of the full palette of hosts that ticks feed on. However, the use of scenarios that
offer more or fewer reservoir hosts, on which ticks would therefore feed more or less often, opens
interesting opportunities. Such models have been elaborated in the past but in a non-spatial
way (Levi et al. 2016, Ogden and Tsao 2009). The results by Li et al. (2012a, 2014) suggest the very
core of the RBHC: availability and accessibility of the resources do modify these outcomes, and
including them may help solve some of the current questions. Also, as indicated by that model,
the time spent in an area (e.g. grassland) does affect the importance each will play in providing
resources and in distribution vectors across the landscape. Some research also has indicated that
hosts may affect vector resources (other than blood meal) by e.g. keeping the vegetation low or
by keeping key reproduction hosts away, this lowering tick abundance (Steigedal et al. 2013).

Understanding the details of a pathogen’s habitat bears relevance also when considering
humans, exposure and prevention. Two pathways can be highlighted for this. First, as outlined in
Hartemink et al. (2015) concerning blue tongue virus transmission, key resources in the system
can be identified that lend themselves to removal or displacement, making them inaccessible
and therefore unusable. Second, the concept can be easily extended to include the resources
required for human ecological functions that would lead to exposure to tick bites. Like other
ecological resources, recreational resources (or related to other exposure activities) can be
mapped in relation to other resources of the TBP and their accessibility through host movement.
Those resources (e.g. signposted walks, recreational equipment) could potentially be placed in
areas where infected tick abundance is lower, information is focused and/or control applied. The
use of RBHC in formalised models such as those reviewed here allows exploring the effect of such
interventions on exposure and on risk.

Conclusion

A great wealth of knowledge has been accumulated thanks to decades of research and modelling
of the suitability of diverse landscapes for tick-borne disease transmission. Because many datasets
represent keyholes that only offer a limited insight into what are complex ecological systems, the
coherence, beyond the most obvious results related to primary habitats, can be difficult to see. The
RBHC approach offers a promising perspective to consolidate existing knowledge, to guide further
data acquisition and modelling. Beyond the scientific interest of the concept, its potential use for
understanding the risk of zoonotic tick-borne diseases for humans and for exploring options for
prevention and control is significant.
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Public health relevance

» Model outcomes can be challenging to interpret for non-modellers. We believe a
strong conceptual background for models would help make complex quantitative
results more accessible to decision-makers and risk managers.

« Tick-borne pathogen transmission systems are complex. The resource-based
habitat concept permits to identify relevant links between landscape elements and
the suitability of an area as habitat for hosts, vectors and ultimately the pathogen
of interest. This will help to build ecological simulation models that capture the
essence of the (spatial aspects of the) eco-epidemiology of the pathogen.

» The resource-based habitat concept also bears potential for communicating the
ecological complexity of this system to a broad diversity of audiences.
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