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abstract: Over the past few decades, it has become clear that eco-
logical and evolutionary dynamics are influenced by processes op-
erating across spatial and temporal scales. Processes that operate on
small spatial scales have the potential to influence dynamics at much
larger scales; for example, a change in the physiology of a primary
producer can alter primary productivity in an ecosystem. Similarly,
evolution—a process that historically was thought of as occurring at
longer timescales—can influence ecological dynamics and vice versa.
The importance of considering multiple scales is broadly true in ecol-
ogy and evolution, and it is especially important for studies of disease
ecology and evolution. Yet characterizing the scales at which individ-
ual studies operate is surprisingly challenging, as we (re)discovered
while trying to characterize articles published in this journal over the
past three decades. However, while it is difficult to determine where
one scale ends and another begins, it is also clear that work that spans
across a spectrum can yield insights that could not be gleaned from a
narrower focus. To demonstrate this, we highlight studies previously
published in this journal that show the value of working across scales.
We then introduce the six articles that comprise this Focused Topic
section. Together, these articles present systems, theory, and methods
that provide important insights that could not have been obtained
from studying a single scale in isolation.

Keywords: disease outbreaks, eco-evolutionary processes, multiple
scales, spatial dynamics, temporal dynamics.

Introduction

While it was not the first article to address the importance
of scale in ecology or evolutionary biology, the publica-
tion of Levin (1992) brought particular attention to issues
related to scaling. As Levin stressed, to understand and pre-
dict patterns that we observe in ecological systems, we need
to uncover the mechanisms that drive (often because of
smaller scales) and constrain (often because of larger scales)

the processes responsible for our observations. The impor-
tance of working across scales continues to be recognized
in ecology and evolutionary biology, including within the
field of disease ecology and evolution (e.g., Tompkins et al.
2011; Borer et al. 2021; Tao et al. 2021). While certain top-
ics in disease ecology and evolution may be addressed by
studies at a single scale, many require looking across scales
(Mideo et al. 2008; Alizon et al. 2011; Cressler et al. 2014).
Processes at one scale (e.g., transmission rates between
hosts ormovement of disease between patches) can depend
in subtle and nuanced ways on processes acting at a smaller
scale (e.g., within-host interactions or between-host spread,
respectively), so a full understanding of a system’s dynam-
ics requires considering multiple scales. This is even more
essential when there is feedback from the larger back to the
smaller scale (Mideo et al. 2008) or when there are nonlin-
earities in the system. For infectious diseases, nonlinearities
arise, for example, when accounting for individual suscep-
tibility (Dwyer et al. 1997) or when infected individuals dif-
fer in their ability to spread or limit the spread of a disease
(e.g., superspreaders; Lloyd-Smith et al. 2005; VanderWaal
and Ezenwa 2016). Such nonlinearities have the potential to
scale up in unexpected ways to influence community-level
patterns (e.g., Clay et al. 2021) and, thus, necessitate looking
across scales.
To look across scales, we must first define what consti-

tutes different scales. This, it turns out, is a surprisingly
difficult task—where does one scale end and the next be-
gin? While it is tempting to define discrete scales (e.g.,
within host, among host, across patches), assigning par-
ticular studies to specific bins is nontrivial. For example,
a study that seeks to identify the mechanistic underpin-
nings of differences in virulence between two pathogen
strains or species sounds decidedly “within host.”Yet pre-
dictions about virulence evolution (which may have mo-
tivated such a study) rely on between-host models, and/or
the study may consider the implications of its results at
this (or another) scale. In reality, studies of the ecology
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and evolution of infectious diseases fall along a spectrum
frommolecules through individuals, communities, ecosys-
tems, biomes, and even the entire planet (as has become
abundantly clear during the SARS-CoV-2 pandemic.)
Scale is often discussed with regard to levels of biolog-

ical organization or space, but other scales are important
as well. In particular, temporal scale has also gained prom-
inence as we move from the split worldview of ecology
and evolution happening on their own timescales to one
that recognizes their concurrence (Hendry 2020). Indeed,
in some cases we cannot explain the ecological dynamics
of infectious diseases unless we explicitly consider the role
of evolution on ecological timescales (e.g., Duffy and Hall
2008; Elderd et al. 2008; Dwyer et al. 2022).
How do we know about the challenges associated with

characterizing where disease ecology and evolution stud-
ies fall along the spectrum of scales of study? Because we
tried to characterize studies in this journal from the past
three decades (going back to 1992, when Levin’s article on
scales was published). We were entirely unable to charac-
terize temporal scale—empirical studies often did not in-
clude the information we needed to determine whether
they were on ecological or evolutionary timescales (or both).
When attempting to characterize scales of biological orga-
nization, the three authors often disagreed with one another.
Even after coming up with criteria and coming to a consen-
sus via discussion, itwas difficult to justify the boundaries we
drew when challenged by a colleague who also has expertise
in this area.
Thus, rather than presenting a review of the scales of

focus for studies in this journal over the past three de-
cades, we instead highlight three studies from three differ-
ent decades that we all agreed spanned several scales, to
the clear benefit of the science. However, in going through
the process of attempting to characterize the scales of the
different studies, we did notice other interesting patterns
regarding where we choose to focus our research efforts,
which we present briefly. After highlighting some earlier
studies, we move on to introduce the six articles that are
featured in this Focused Topic section. These articles an-
swer a variety of questions about ecological and evolution-
ary processes associated with disease and disease transmis-
sion and serve as important illustrations that while working
across scales can be challenging, it also leads to crucial in-
sights that could not have been gained by focusing on a single
scale alone. Overall, it is clear that scale—both spatial and
temporal—matters to disease ecology and evolution.

Looking across Scales: A Brief Tour of Selected
Articles from The American Naturalist

In exploring articles from the last three decades in The
American Naturalist, we found that many studies explic-

itly or implicitly spanned several scales. Here, we describe
three studies that span this time window, emphasizing
their cross-scale nature and, where possible, identifying
the benefits gained by working across scales.
Using a gene-for-gene model of host-pathogen interac-

tions in trees, Stump et al. (2020) explore the conditions
under which host resistance genes promote pathogen-
mediated coexistence under the Janzen-Connell hypoth-
esis (Janzen 1970; Connell 1971). The authors find that
host species coexistence is promoted under two scenarios:
when a host’s resistance genes do not affect seedling sus-
ceptibility and survival (in other words, pathogens are spe-
cies specific and not genotype specific, so rare species have
an advantage) and when resistance genes are costly for the
host. Under the latter scenario, nonresistance genes offer
advantages to rare species, so their evolution can promote
coexistence. In the absence of a cost to resistance genes, ge-
netically diverse species harboring a number of different
alleles have an advantage, and coexistence between species
is not promoted. By combining a within-host evolutionary
framework of genetic resistance with amodel of community
dynamics, Stump et al.’s (2020) work across scales enhances
our understanding of a classic ecological explanation for
tropical tree diversity arising from different assumptions
about the molecular details of host-pathogen interactions.
Focusing on empirical data collected over a number of

decades, Jaenike and Perlman (2002) present a compre-
hensive review of the ecological and evolutionary interac-
tions between mycophagous Drosophila species and their
nematode parasites. As such, the article builds from esti-
mates of the costs of infection at the level of individual
hosts, through to consequences of infection for host pop-
ulation dynamics and the structuring of Drosophila com-
munities, and then to macroecological patterns of host
susceptibility. On the evolutionary side, the study examines
parasite genetic diversity, phylogenetic constraints on host
range, and selective pressures on parasite virulence. This
article is dramatically cross scale, and while it is explicit
about considering both ecological and evolutionary time-
scales, it unassumingly spans at least three scales of bio-
logical organization—from individuals, to populations,
to communities. Many of the articles cited in Jaenike and
Perlman (2002) focus on a single scale—for example, quan-
tifying temporal patterns of disease prevalence across host
species or species-specific effects of infection—and there is
clearly value in conducting such studies. The added value
of bringing all this work together in one place is that pat-
terns at one scale can be illuminated by considering pro-
cesses at another. Here, individual-level measures of host
behavior and its influence on survival and fecundity reveal
species-level variation in the fitness effects of parasitism;
combined with variation in parasitism across a geographic
range, these data help to explain patterns of Drosophila
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community composition and species coexistence. Given
the empirical nature of the work, the need to draw onmul-
tiple studies necessitates that considerable time and effort
is dedicated to understanding a system before being able to
focus across scales.
Finally, Lively (1999) uses a combination of theory and

data across multiple studies to understand empirical pat-
terns of local adaptation by parasites. Lively begins with
a description of previous observational and experimental
work on a snail-trematode host-parasite system in New
Zealand, explicitly tackling the issue of scale by describing
evidence of local adaptation of parasites to their hosts col-
lected from different lakes and then zooming in to the
within-lake level to describe how differences in the biology
of snails in shallow versus deep water influences the pat-
terns of disease transmission and, hence, the potential for
coevolution between host and parasite. Through a compre-
hensive discussion of the natural history of this system,
Lively (1999) hypothesizes that high virulence of the trem-
atode to snails may underlie the strong local adaptation ob-
served. To test this and understand why local adaptation is
not found in all host-parasite systems, Lively (1999) devel-
ops a simplemathematicalmodel tracking the genotypes of
hosts and parasites across two patches. He finds that viru-
lence, a consequence of within-host interactions (and in
this model determined by the pairing of host and parasite
genotypes), and migration, which determines between-
patch movement, jointly determine whether parasite local
adaptation occurs, what the evolutionary dynamics look
like, and hence whether local adaptation can be measured.
At its core, studying local adaptation consists of estimating
the infectivity of parasites to local host populations com-
pared with more “distant” host populations within a num-
ber of different patches. However, understanding the patterns
that emerge across the landscape andwhy they differ across
systems benefited from a mathematical model that cap-
tures processes happening within and between populations
and implicitly at the within-individual level.
As each of these studies demonstrate, whether using the-

ory, empiricism, or a combination of both, understanding
host-pathogen interactions and their ecological and evo-
lutionary implications requires thinking about these pro-
cesses across multiple temporal and/or spatial scales. The
empirical focus of Lively (1999) and Jaenike and Perlman
(2002) required that the individual articles brought together
a large body of work. This pinpoints the need for long-term
studies not just to understand the ecology and evolution of
infectious disease but to understand ecology and evolution
in general. Stump et al. (2020) built a multiscale mechanistic
model that seeks to explain empirical observations regard-
ing species diversity. Together, these highlighted American
Naturalist articles (and there are manymore we could have
highlighted here) show that empirical systems need to be

developed over multiple years and, perhaps, the course of
an investigator’s career. They also show how theoretical ap-
proaches allow one to bridge time and space to point to-
ward areas ripe for exploration, whether from a theoretical
and/or empirical standpoint.

Looking across Scales: The Articles
in This Focused Topic Section

The articles that are part of this Focused Topic section
similarly demonstrate how and why thinking across scales
is important (fig. 1). From an empirical perspective, Eck
et al. (2022) show how a within-host process, priority ef-
fects, dictates which pathogen strains of a powderymildew
fungus infects patches of Plantago lanceolata and, in turn,
how this plays out across the landscape among multiple
patches. By estimating strain fitness from epidemiological
data, their analyses suggest that even high-fitness strains
are not able to overcome the disadvantage of late arrival in
a host population. Penczykowski et al. (2022) take a blended
approach by combining empirical results from a Daphnia
dentifera–based system with theory to demonstrate that a
within-host process (reduced feeding rates of infected hosts)
can cause host density to increase via a foraging-mediated
hydra effect (Abrams 2009). In Greekmythology, the many-
headed Hydra of Lerna would sprout two new heads when
a single one was cut off. In ecology, the hydra effect de-
scribes when a source of mortality leads, counterintuitively,
to increased population size (Abrams 2009). In theDaphnia-
parasite system, the hydra effect arises from a reduction in
host feeding rates, which allows resource levels to increase
and, indirectly, host densities to increase—a surprising out-
come given that without this trait-mediated effect, one
would expect this virulent parasite to dramatically reduce
host densities during severe outbreaks. Without consider-
ing the connection among within-host (i.e., feeding rates),
between-host (i.e., pathogen transmission), and foodweb–
level (i.e., consumer-resource dynamics) processes, wemight
incorrectly assume that this virulent parasite was a mutu-
alist or turn to other similarly incorrect explanations to ex-
plain patterns observed in natural lakes. Only by consider-
ing cross-scale processes do the true mechanisms become
revealed.
As the previously published articles we highlighted show,

host-parasite interactions can influence host species com-
petition and coexistence (Jaenike and Perlman 2002; Stump
et al. 2020). In this issue, Rovenolt and Tate (2022) shine a
further light on the complexities present within hosts by ask-
ing how competition between parasite species (i.e., coinfec-
tion) impact these dynamics. Combining a within-host com-
petitionmodel with a classic susceptible-infected-recovered
(SIR) transmission model (Kermack and McKendrick 1927),
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Rovenolt and Tate demonstrate that parasite-mediated
apparent competition due to coinfection may lead to mul-
tiple steady states in the system that include both coexis-
tence and competitive exclusion among host species. This
model is motivated by competition between two flour beetle
species, Tribolium castaneum and T. confusum, that are in-
fected by a number of different parasites.
These studies clearly show that within-host interac-

tions can drive processes at the between-host and among-
patch levels and have nonintuitive influences on host pop-
ulation dynamics. This, in turn, can result in a feedback
that influences outcomes at the individual level. Together,
these three studies demonstrate how looking across multi-
ple spatial scales leads to greater insight into the ecology of
disease transmission and, in turn, how it influences popu-
lation dynamics.
While the above-described studies focused on ecologi-

cal processes, the impacts of scale can also be readily seen
when asking questions from an evolutionary perspective.
While ecologically based consumer-resource models are
often used for understanding population cycles seen in
field data, evolutionary explanations based on fluctuating
host resistance due to selection are often invoked when
analyzing laboratory-based studies. To address whether
the same laboratory arguments hold for field data, Dwyer
et al. (2022) needed to collect field and lab data along with
developing transmission models across multiple spatial

scales and over a relatively long-term period. In doing so,
Dwyer and colleagues look across the eco-evolutionary di-
vide using both empirical data and theory to examine
pathogen-driven boom and bust cycles, which are observed
in a number of insect host-pathogen systems. Combining
data from several spatial and temporal scales, the authors
conclude that the eco-evolutionary models, which account
for within-host and between-individual processes, better
explain the long-term dynamics of Lymantria dispar, an
invasive lepidopteran pest, compared with the strictly eco-
logical models.
Two different explanations of coevolutionary dynam-

ics between a host and a pathogen are often called on to
explain changing resistance of a host to its pathogen—
arms race dynamics and fluctuating selection. However,
as Lively (1999) pointed out, coevolutionary dynamics are,
in fact, dynamic; thus, if only short-term data are used, it
is not easy to distinguish between these two processes. Us-
ing a series of time-shift experiments, Dewald-Wang et al.
(2022) sought to disentangle these potential drivers of host-
pathogen coevolutionary dynamics in the horse chestnut
(Aesculus hippocastanum) bacteria-phage system. Prior
work had suggested an asymmetry in host-pathogen co-
evolution in this system—a finding that was intriguing but
that might have simply reflected the relatively short window
previously investigated (i.e., months; Koskella 2014; Koskella
and Parr 2015). In the study in this Focused Topic section,

Figure 1: List of the individual articles in alphabetical order (by first author) appearing in this Focused Topic section examining disease
dynamics across multiple scales. Colors of rows correspond to the type of study (orange p empirical; blue p theory; green p both). Spatial
scales examined are represented as within host, between host, and between patches.
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Dewald-Wang and colleagues show that the previously ob-
served asymmetries still exist even over long timescales (i.e.,
years): hosts evolve durable resistance (suggestive of an arms
race), whereas phages are most infective on hosts from the
recent past, losing their ability to infect host types from
further back in time (suggestive of fluctuating selection).
Thus, this finding was not simply an artifact of the time-
scale used in earlier experiments but rather suggests that
the dominant models used to explain host-pathogen co-
evolution are too simplistic. Thus, work from this more
complicated system—with longer timescales and in “mess-
ier” natural communities instead of laboratory conditions—
points to an important gap in our existing theories of host-
pathogen coevolution.
Gaps similarly exist in theory for pathogen evolution. A

number of pathogens facultatively infect their hosts and
are also able to readily grow in environmental reservoirs,
yet models of virulence evolution that include environ-
mental transmission have invariably focused on patho-
gens that experience net decay outside the host (e.g., Boldin
and Kisdi 2012). Growth in the environment makes defin-
ing fitness for a pathogen nonintuitive and opens up pos-
sibilities for pathogen evolution to be shaped by trade-offs
operating across habitats—within the host and in the envi-
ronment. Pandey et al. (2022) take up this challenge and
develop a model that is grounded in the biology of a num-
ber of important diseases of humans to explore the evolu-
tion of virulence. Depending on the trade-offs at play, the
pathogen may exhibit evolutionary bistability, evolving ei-
ther low or high levels of virulence, or evolutionary branch-
ing, where low- and high-virulent strains coexist.
As was seen in the studies focused on ecological pro-

cesses, these articles highlight the insights gained from ex-
amining questions across multiple scales, whether spatial
or temporal, to answer questions focused on evolutionary
processes. These studies also point to the importance of
additional scales and sources of complexity that might
be considered and are not fully captured in our categori-
zation of spatial scales (fig. 1). For example, the Pandey et al.
(2022) study considers dynamics within and between two
qualitatively different types of habitats (i.e., hosts and envi-
ronmental reservoirs), while theDewald-Wang et al. (2022)
study investigates two “levels” of hosts (i.e., trees and bacte-
ria) and their respective associated pathogens (i.e., bacteria
and phage). In short, it is clear that disease ecology and evo-
lution occur across scales and that we miss important pro-
cesses and insights if we do not consider those scales.

Moving Forward

As the articles in this Focused Topic section show (fig. 1),
one often needs to look across multiple scales to under-

stand disease dynamics and the impacts of disease on eco-
logical and evolutionary processes. Articles in this feature
demonstrate a number of different approaches to take
when examining processes across scales—for instance,
modeling the dynamics at multiple levels (e.g., Penczy-
kowski et al. 2022) and using experimental results from
a smaller spatial scale as Bayesian priors for larger-scale
models (e.g., Dwyer et al. 2022).While the examples given
above focus on spatial dynamics, the same ideas hold for
temporal dynamics as well.
While we failed at our initial goal of characterizing scales

for close to 300 articles on host-parasite interactions pub-
lished in this journal over the past 30 years, we did uncover
some patterns of interest over that time span. Most of the
articles we reviewed focused on terrestrial systems, with
many fewer focused on aquatic habitats (fig. 2a). In con-
trast, there was balance between studies of microparasites
and macroparasites (and those more generally about para-
sites; fig. 2b). The types of parasites studied has shifted over
time (fig. 2c); most notably, recent studies encompass a
greater diversity of parasite groups. In the first 5-year win-
dow of study, more than half (55.6%) of all studies in our
data set focused on invertebrate parasites (i.e., parasitoids),
and there were only six parasite groups. In the most recent
time interval analyzed, there was much greater diversity:
studies of invertebrate parasites were still relatively com-
mon but accounted for only 16.7% of studies; this time
interval contained 14 parasite groups. In terms of hosts,
vertebrate-focused studies have increased, while few stud-
ies have focused on bacteria or fungi (fig. 2d).While we can
only speculate about the reasons behind some of the pat-
terns we uncover, the reduction in the number of studies
of parasitoids might reflect advances in technology that al-
lows identifying the presence and quantifying the abun-
dance of microscopic organisms (fig. 2c). In addition, an
increasing appreciation of the risk of zoonoses for human
health (e.g., Jones et al. 2008)may be (partially) responsible
for the increased focus on vertebrate hosts (fig. 2d).
Thus, in terms of where we choose to conduct research

and on what species, there is a considerable bias in empir-
ical studies toward terrestrial habitats (fig. 2a). This raises
the possibility that aquatic habitats offer unexplored op-
portunities for generating new insight. The question re-
mains whether there are habitat types that lend them-
selves to asking questions across scale. Most likely, this
is both system and question dependent. When consider-
ing aquatic systems for future research, it would also be
helpful to consider the core processes that are of interest
in disease ecology and evolution; a recent analysis found
that commonly used model systems for studying the ecol-
ogy and evolution of infectious diseases tend to focus only
on transmission and disease but not recovery, which re-
flects another important gap (Wale and Duffy 2021).
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Undoubtedly, we have the tools and understanding to
move beyond a single scale, and we are continuing to de-
velop new methods and ideas to do so. The articles in this
Focused Topic section provide further examples of how to

examine processes across multiple scales along with the
resulting benefits. When looking across spatial scales, our
research focus often bridges the within-host and between-
host scales (fig. 1), and we tend to exclude even larger

Figure 2: Characteristics of all of the articles published in The American Naturalist since 1992 that contained “disease,” “parasit*,” or “path-
ogen” in the article title, excluding those on brood parasites. Shown are the number of pathogen/disease-focused studies across host habitat
types (a), the number of studies of microparasites versus macroparasites (b), the proportion of studies grouped by parasite in 5-year bins
(c), and the proportion of studies grouped by host in 5-year bins (d) in The American Naturalist since the publication of Levin (1992). Notably,
groups of parasites and hosts that have been the focus of disease ecology and evolution studies have shifted over time. For d, “MultAnim”
was used for two studies that were focused broadly on animal hosts. For the full data set, see the CSV file at https://doi.org/10.5281/zenodo
.5504012 (Elderd et al. 2021).
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spatial scales beyond between-host processes. Studies like
Ezenwa and Jolles (2015), where the authors examined the
spread of bovine tuberculosis in wild buffalo, show the
value of work at these larger scales. Similarly, longer tem-
poral scales also can provide crucial insights into the drivers
of disease dynamics (e.g., McDonald et al. 2018, where the
authors looked at bovine tuberculosis in European badgers).
The dearth of large-spatial-scale and/or long-term studies
may be constrained by the logistics encountered when ask-
ing large-scale questions and may be reflected in the fact
that we tend to study small things on short timescales (Duffy
et al. 2021). For large-scale questions, these logistical con-
straints often lead to reliance on observational studies rather
than experimental studies at larger spatial and temporal
scales (e.g., Farnsworth et al. 2006; Elderd et al. 2013). From
a temporal and empirical perspective, the ability to collect
and use long-term data are key (Lively 1999; Jaenike and
Perlman 2002). Given the time that these types of data take
to collect (i.e., decades), we have only recently been able take
advantage of long-term data sets in both disease ecology
and evolution (McDonald et al. 2018). The ability to draw
on new studies will depend on a combination of investiga-
tor perseverance and long-term research funding. The lat-
ter, unfortunately, may be more of an issue. On the spatial
side of the coin, we can start to examine disease dynamics
at much larger scales by taking advantage of new technol-
ogies. For example, the spread of plant pathogens across a
landscape may be effectively captured by aerial drone sur-
veys (e.g., Sandino et al. 2018) or LiDAR (e.g., Husin et al.
2020). Additionally, there appears to be an opportunity for
community science initiatives (e.g., conjunctivitis in house
finches; Altizer et al. 2004) to collect data at both larger
spatial and longer temporal scales, which can also help fill
this void. Perhaps an in silico approach to large-scale ques-
tions can serve as a preliminary way to explore processes
across space and time. From there, the in silico analysis could
lead to designing experiments at multiple scales. This would
lend itself to the much-needed and much-called-for back
and forth between empirical and theoretical approaches
to understanding ecological and evolutionary dynamics (Bar-
raquand et al. 2017). We therefore join the chorus calling
for more research across scales and hope the six articles in
this Focused Topic section provide inspiration to do so.
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