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Humans are changing the environmental conditions of our planet, and animal immune functions are being affected
by these modifications. For instance, a diversity of chemical contaminants is entering ecosystems and modifying
immune functions directly or indirectly through altered host—parasite interactions. Also, global temperature changes
have caused outbreaks of disease that have decimated and even extirpated some host species, outcomes partially
driven via immune alterations. Finally, some invasive species are immunologically distinct or impose stress on
native species, factors that may facilitate the establishment of nonnative hosts as well as parasite transmission to
native species. Here, we summarize the known and likely effects of pollutants, nonnative species introductions, and
increases in ambient temperature on host immune functions and infections. We then identify future directions for
research given our sparse knowledge of immune variation in natural populations. In sum, we advocate integrative,
multidisciplinary work at diverse spatial and temporal scales to assess and prevent anthropogenic global changes

from further compromising animal immune functions.
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Since the industrial revolution, humans have
changed the Earth at a faster rate and larger scale
than any other time in history.! These changes have
already had pronounced effects on global climate,
carbon and nitrogen cycles, and biodiversity.? Rates
of extinction are 100 to 1000 times greater now than
before human dominance of the planet,® and species
are being transported and introduced to new envi-
ronments where they are profoundly altering natu-
ral ecosystems.* Some of these global changes have
also been implicated as contributors to unprece-
dented rates of infectious disease emergence in hu-
mans and wildlife.>”” The study of immune func-
tions in wild animals, or ecological immunology,
is relatively new, but there is strong reason to ex-
pect that part of this disease emergence is due to
the impacts of global change on immune functions.
For example, pollutant and pesticide exposures can
lead to immune suppression in diverse animals,-1
short-term temperature changes can impact various
immune functions in both endo- and ectotherms,
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and introduced species can negatively or positively
impact native species if they impose stress on native
species or serve as reservoirs for novel (spillover)
or native (spillback) parasites due to their unique
immune systems. Given the limited data demon-
strating direct effects of global changes on animal
immune functions though, we review known effects
of pollutants, temperature changes, and the intro-
duction of nonnative species on immune processes
directly. Then we discuss the effects of these global
change elements on parasite burdens in host pop-
ulations because in many cases such data are more
common. We interpret changes in parasite burden
to convey information about immune changes in
hosts. However, we appreciate that parasite resis-
tance, defined as whether and to what extent an
individual harbors a parasite burden, is a conse-
quence of immune processes as well as a variety of
host behaviors (e.g., avoidance) and morphological
traits (e.g., skin thickness). In other words, we rec-
ognize that global change can affect hosts, parasites,
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or both, and that changes in immune functions and
infection can be due to all three. Throughout the
article, we use the term “parasite” to refer to any in-
fectious organism, regardless of its size, pathogenic-
ity, commonness, or phylogenetic affiliation,!! as
this approach is most conducive to generality. In
spite of its limitations, we feel that our approach is
appropriate, especially as most ecologists and pol-
icy makers are interested in immune variation to
the extent that it mitigates disease persistence or
emergence.

Animal immune defenses

Before discussing the known and expected effects
of global change on immune functions, we review
briefly the immune defenses that animals have avail-
able to them. The immune system of any organism
consists of a suite of interconnected barriers to infec-
tion, some expressed at all times (i.e., constitutive)
and others induced only when a parasite is encoun-
tered (i.e., inducible), and some that are highly spe-
cific and others that are broadly protective.!? Eco-
logical immunologists have begun to provide some
generalizations about the potential impacts of global
change elements and other environmental factors
on animal immune functions, an emphasis that has
been lacking historically for immunology. The cen-
tral paradigm of ecoimmunology is that immune
functions represent a balance between the bene-
fits and costs of immune functions.'® It is not al-
ways adaptive to mount or maintain the strongest
possible immune response; the magnitude of an im-
mune response is contingent on the identity of the
parasite and the fitness priorities of the host. This
perspective also implicitly includes the nervous and
endocrine systems. Classically, the endocrine, ner-
vous, and immune systems have been studied in-
dependently, but it is interactions among all three
(and perhaps others) that determine the outcomes
of a host—parasite interaction.'* Moreover, this per-
spective incorporates effects of parasites themselves
on immune functions. Hosts can exhibit one of
three immune responses upon infection: they can
upregulate an immune function, they can exhibit
no change, or they can downregulate it. Upregula-
tion would be beneficial when the benefit exceeds
the cost of increased immunity. Thus, if an immune
response results in considerable collateral damage to
the host, if excessive energy or resources are used, or
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if the parasite can gain a foothold if a particular im-
mune response is deployed, the host might not ex-
hibit an immune response and might even dampen
immune activity upon infection. This portrayal of
the immune system diverges somewhat from classic
immunology and particularly its terminology (e.g.,
adaptive, innate, humoral, cell-mediated). However,
we feel it is useful because not all organisms possess
the above immune traits, but all must balance the
costs and benefits of immune defense. The salient
points here are that the relationship between the
immune system and a parasite is bidirectional and
dynamic.

Itis beyond the scope of this article to describe ex-
haustively all of the components of animal immune
systems much less their connections with other
physiological systems. We thus cover the features of
animal immune systems and some of the most crit-
ical connections with the neuroendocrine system
that are most likely to be affected by global changes.
The invertebrate immune system is based on self-/
nonself-recognition,'® although invertebrates and
vertebrates alike distinguish self from nonself via
related pattern-recognition receptors.'® Most inver-
tebrates mount immune responses that kill or dis-
able invaders such as respiratory burst (of reactive
oxygen species), phagocytosis, and melanin and an-
timicrobial peptide, and protein synthesis.!” Inver-
tebrates can also recognize and eliminate damaged
or diseased self-cells through cell labeling (opsoniza-
tion).!> Elements suggestive of immune memory
and specificity are seen in invertebrates,'®1? but the
pervasiveness of such traits is presently unknown.
The vertebrate immune system includes many of
the same elements, including broadly effective an-
timicrobial enzymes and proteins (e.g., lysozyme,
complement, natural antibodies?*?!) and inflam-
matory responses, which include heightened local
immune surveillance and activity and whole-body
fevers and sickness behaviors (as do many inver-
tebrates??). Inflammatory responses in particular
are coordinated via the neuroendocrine system,23
and some of the same hormones that regulate these
processes in vertebrates are important in inverte-
brates.?* Vertebrates also control parasites with nat-
ural killer cells, mast cells, and granulocytes,?® but
the most distinguishing aspect of the vertebrate im-
mune response is that it can be finely tuned to
specific parasite components within generations. By
recombining particular regions of the genome (VD]
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regions), vertebrates produce receptors and solu-
ble molecules (antibodies) with affinity for any
parasite component that could exist.”> The ma-
jor constraint on these immune responses is that
they require time to be effective (7-10 days);
in the meantime, the more rapid and broadly
effective innate immune defenses must control
infections.?®

In addition to host-driven changes in immune
function, parasites too can alter host immune re-
sponses. Oftentimes, manipulations are to the par-
asites’ benefit,”’ but some manipulations may have
no net effect on hosts or parasites. In still other
cases though, parasite alteration of host immune re-
sponses may be for the benefit of the host—parasite
unit. Such effects make the use of the term “parasite”
questionable, but examples of immune-mediated
putative mutualisms abound. Recent examples in-
clude the production of antimicrobial peptides by
skin-dwelling bacteria in frogs,”® uropygial gland-
residing microbes in hoopoe,” and the maturation
of aspects of the mammalian immune system by
gut-residing bacteria.>* Whether these host—parasite
relationships are exceptional or common in wild an-
imals is presently unclear. However, future attempts
to understand the impacts of global changes on
host immunity should consider that parasites have
evolutionary interests too, especially in introduced
host—parasite pairs (see below). High virulence, the
parasite trait that typically attracts the most atten-
tion, is only one way for parasites to maximize fit-
ness.’! Because hosts will usually be at a disadvan-
tage in evolutionary arms races with microbes (due
to longer generation times in the former), it may
be more advantageous for hosts to allow some level
of infection than to resist infections outright, es-
pecially if some immune responses are prone to
collateral damage.*? In many cases, it may be ad-
vantageous for the parasite to accept a lower-than-
possible level of virulence.* For the remainder of the
article, we will use classic immunological terminol-
ogy (e.g., innate, adaptive, humoral, cell-mediated)
when discussing the impacts of global changes on
immune functions. However, we advocate that fu-
ture research evaluate immune components relevant
to a particular host—parasite interaction instead of
coarse measures of immune function, as such tech-
niques are more apt to provide the mechanistic in-
sight sought by ecologists regarding host—parasite
interactions.**

Ecoimmunology and global change

Pollutants

Pollution represents one of the greatest global
threats to environmental health. In the European
Union (EU) and United States, there are over
100,000 registered chemicals,?>*® and there are over
a billion tons of pesticide products used annually in
the United States alone.*® Since 1981, the safety of
new pesticides has been systematically evaluated on
just a few animal species in laboratory conditions,
and for many chemicals developed before 1981, ef-
fects have not been thoroughly addressed in any
nonmodel taxa.>” This lack of oversight includes
97% of the major chemicals in use and more than
99% of chemicals produced by volume.*” In con-
trast, pharmaceuticals and personal care products
are carefully tested prior to their widespread us-
age, but these compounds too (and their bioactive
byproducts) have been released in unsafe quantities
into the environment, particularly near metropoli-
tan areas.’®’ These compounds, many of which
are deliberately designed to influence immune and
endocrine responses, can reach concentrations in
surface and drinking waters that may pose serious
health risks. Industrial practices too, such as the
mining and combustion of fossil fuels, release large
quantities of metals and metalloids into the envi-
ronment. Each year in the United States the com-
bustion of coal for electricity generation emits more
than 120 million tons of industrial waste contain-
ing very high concentrations of many toxic trace
elements.*’ Consequently, it is not surprising that
pollutants are the second greatest threat to aquatic
and amphibious organisms in the United States*!
and one of the factors most often associated with
the emergence of wildlife diseases,*> some of which
are implicated in host extinctions or declines.**#¢
Past reviews have unequivocally demonstrated that
many chemical contaminants modulate immune
functions and affect disease resistance.*’~>! Below,
we characterize the effects of pollutants on immune
functions: (1) working through effects on the phys-
iology and/or behavior of hosts and (2) working to
alter disease transmission via changes in rates and
types of species interactions.

Pollutant effects on immune functions

Perhaps the best documented effect of pollutants is
direct toxicity to components of the immune sys-
tem.*”~>" Tsolating immune cells, exposing them to
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particular contaminants, and quantifying survival
and function has been an effective way to demon-
strate direct toxicity of contaminants. Taken to-
gether, current evidence suggests that pollutants
can compromise immune defenses via direct cell
and tissue mortality, alterations in production or
function of leukocytes, modified antibody produc-
tion, and reduced cytokine production. However,
most of this work has focused on laboratory ro-
dents, and far less is known about the effects of
pollutants on immune responses of wildlife, partic-
ularly to the extent that immune changes compro-
mise disease resistance. More complex and less well
studied are the manifold ways pollutants can alter
immune functions via other physiological processes
and/or behaviors. Many contaminants directly af-
fect the nervous system (e.g., mercury and ace-
tocholinesterase inhibitors) and act as endocrine
disruptors (e.g., many pesticides, plasticizers, and
flame retardants).’” The neuroendocrine and im-
mune systems are tightly linked,>>* so contami-
nant changes to the neuroendocrine system should
often cause immune alterations. It is beyond the
scope of this article to cover all the ways in which
such changes can arise, but indeed they do.>>>¢ We
briefly address some of the most common ways in
which contaminants can cause short- and long-term
effects on immune functions via neuroendocrine
alterations.

Estrogenic and thyroid-disrupting pollutants
represent two examples of compounds with high
potential for immunomodulation. Estrogens influ-
ence the growth of immune tissues including the
thymus, bone marrow, spleen, and lymph nodes®’
as well as the synthesis of immunoglobulins and
the abundance of B lymphocyte precursors.”® Thy-
roid hormones, which are critical for early immune
development,”®>? can be disrupted by pharmaceu-
ticals, mercury, and perchlorates.®*®! Glucocorti-
coids (GCs) too can be impacted by pollutants and
have pervasive effects on the immune system.52%* In
response to aversive stimuli, including interactions
with predators, competitors, and extreme environ-
mental conditions (e.g., severe winter storms),**%
GCs are released. If stressors resolve within a short
period, plasma GCs decrease and homeostasis is
restored, but if a stressor persists, circulating GCs
remain elevated and many immune functions are
suppressed.’* For example, exogenous GC admin-
istration in birds resulted in dampened immune
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responses during critical reproductive life history
stages.®® Anthropogenic factors, such as habitat loss
and pollution, can modify GC levels for protracted
periods of time,%7:¢¢ but the role of pollutants
as immune modulators working through GCs has
been little studied in natural systems, and whether
endocrine-disrupting compounds (EDCs) work di-
rectly through GC receptors is unknown. Neverthe-
less, if pollutants elevate GCs during critical win-
dows of development, immune impacts are likely
to be pervasive. In rodents, GC exposure early
in life dramatically alters GC regulation in adult-
hood.>*62:69-74 Early-life exposures to chemical con-
taminants or GCs are already known to have long-
term adverse effects on immune functions, disease
resistance, and fitness in diverse taxa.”>%° Also, as
GCs (and other steroids) can be transferred across
the placenta or deposited into eggs, immune effects
of some pollutants may even be passed across gen-
erations.

Pollutants might also indirectly influence im-
mune processes by evoking trade-offs with other
physiological systems. Perhaps the most important
of such trade-offs is the reallocation of nutrients and
energy from one portion of an individual’s resource
budget to other functions.®! Exposure to environ-
mental pollutants can be energetically costly because
pollutants impose demands on animals above those
normally required to sustain life.®” For example,
crayfish, freshwater shrimp, water snakes, and am-
phibians exposed to industrial effluent exhibit ab-
normally high standard metabolic rates, effects that
translated into reduced growth in some species.®
Thus, in the absence of acquisition of additional
nutrients and energy, animals must compensate for
increased energy demands imposed by pollutants by
redistributing resources normally used for other life
processes. Because the immune system is expensive
to maintain and use,?*% energy deficits generated
because of pollutant exposure could compromise
immune functions. Although these trade-offs have
not been explicitly explored in relation to pollutants,
similar resource allocation decisions have been ob-
served between immunity and other biological pro-
cesses.®” For example, increased energy demands
for reproductive processes in lizards detracted en-
ergy from immune responses necessary for wound
healing,®® birds faced with increased reproductive
demands exhibit dampened humoral immune re-
sponses,%’ and food-restricted rodents were unable
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to mount secondary antibody responses to an anti-
gen.% Studies should thus consider whether the en-
ergy costs of defending against the harmful effects
of pollutants trigger similar resource trade-offs with
the immune system.

Community-level effects on immune functions
via pollutants

Many of the aforementioned effects of pollutants
(changes in endocrinology and energy balance) can
also influence the behavior and performance of
animals, which can subsequently affect infections
and immune responses. Neurotoxicants affect an-
imal activity patterns and performance due to di-
rect effects on the central or peripheral nervous sys-
tem,’*?! and pesticides can affect locomotor activity
and refuge use,”>** water conserving postures,’” and
reproductive behaviors.” EDCs and compounds
that alter GCs could also influence behaviors re-
lated to territoriality, aggression, reproduction, and
feeding.” Many of these changes in behavior could
affect risk of infection®® with subsequent effects on
the immune system.

Contaminants might also influence individual
immune functions (and consequent disease dynam-
ics) by modifying species interactions. For example,
contaminants can alter host exposure to parasites
and thus whether they maintain or develop anti-
bodies against parasites in an environment. Con-
taminants can also be directly toxic to many para-
sites,”’~ altering rates of exposure for some hosts.
Similarly, densities of both hosts and parasites could
be affected by contaminants if contaminants affect
the densities of their predators or competitors, 910!
Additionally, if contaminants reduce food resources,
hosts might have less energy to invest in immunity.5!
Alternatively, if contaminants reduce the densities
of species that prey on hosts, hosts might forage
more freely thus having greater energy to invest in
immunity. There are also several ways that con-
taminants can alter the parasite diluting effect of
biodiversity.!9%19 For instance, if a contaminant
reduces densities of incompetent hosts, per capita
parasite attack rates may be increased for the re-
maining hosts. This change in density might then
increase parasite prevalence and thus the need to
invest in immunity.!%1%! On the other hand, just
because a contaminant has an effect on the density
or the traits of a parasite or host, average parasite
prevalence, host immune functions, and/or para-
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site resistance may not be affected. If a contam-
inant influences the host and parasite simultane-
ously in the same direction, there may be no net
effect on the host—parasite interaction despite ef-
fects on immune functions. Furthermore, the con-
taminant might also affect other species that can
also influence parasite transmission (e.g., interme-
diate hosts). Thus, to understand the community-
level effects of contaminants on immunity and
parasitism, it will be important to distinguish be-
tween the effects of contaminants on the densi-
ties and traits of parasites, their hosts, and nonhost
species.’8:104

Future studies

Much remains to be understood about the effects of
pollutants on immune responses and disease resis-
tance. Although the biomedical and toxicological lit-
eratures offer valuable insights into how pollutants
affect immune cells and tissues, far less is known
about the alterations in immune functions or re-
sistance due to endocrine disruption, changes in
energy balance, or modified species interactions. In
addition, many other fundamental knowledge gaps
exist. For example, sex-related differences between
immunity and risk of infection are well known,'*
but does exposure to immunomodulating contami-
nants present different risks to males and females.!%®
Similarly, how does maternal transfer of neuro-
toxicants or EDCs influence the development and
function of animal immune systems, especially as
both toxicants and immune mediators (e.g., im-
munoglobulins) can be transferred across genera-
tions? Although the development of some immune
disorders may be related to in utero exposure to
carcinogens in laboratory mammals,'”’ transgener-
ational effects on the immune system remain poorly
studied in wild animals. Another tremendous chal-
lenge is the sheer number of pollutants that need to
be evaluated for immunotoxicity. Because all pol-
lutants and all species cannot be adequately tested,
can generalizations be made based on the chemical
structure of pollutants?'% Similarly, can generalities
be drawn regarding taxonomic or functional groups
of hosts and/or parasites based on specific traits?
Perhaps by using life history traits as a guide, po-
tentially susceptible species!? or functional groups
with the greatest community level ramifications'!”
might be identified and given first priority for study.
Meta-analyses too might reveal generalities given
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the vast complexity associated with the thousands of
contaminants, diverse host and parasite species, and
the intricacies of host immune systems.'!! Finally,
there are few studies that link contaminant-induced
immune alterations to changes in resistance of infec-
tions, but available evidence from two studies sug-
gests that exposure to common chemicals such as
atrazine and malathion can increase infection rates
in amphibians.®”-7!

Temperature change

Climate change associated with the release of green-
house gases and aerosols to the atmosphere has
already influenced global temperature variability,
sea level, storm frequency, and other climatic vari-
ables.!!? Since 1880, global mean surface temper-
atures have increased by about 0.9°F with the
warmest years all occurring since 2001, and global
temperatures are expected to increase between 1.8
and 4.0°C by the end of the century.'’? Warm-
ing, however, is expected to occur heterogeneously,
with land warming faster than oceans, high lati-
tudes warming faster than mid-latitudes, and win-
ters warming more than summers.!!? Because ani-
mals inhabiting these different regions of the globe
are adapted to operate under different thermal en-
vironments, species will vary widely in how they
respond to temperature changes.!'® The effects of
these climate changes on wildlife disease outbreaks
are already evident in some systems, and quite con-
troversial in others.!!>!* In many cases, the mecha-
nism by which changes in climate affects disease pro-
cesses is still unknown. Parasite growth, virulence,
and distribution can all be affected by changes in
temperature and rainfall expected in the future.!’”
However, animal immune functions are well known
to respond to temperature changes, especially in ec-
totherms, and alterations of immune functions are
implicated in some disease outbreaks. In this sec-
tion, we review the known effects of global temper-
ature changes on animal immune functions and its
impacts on disease incidence.

Temperature is one of the most studied abiotic en-
vironmental variables because of its ability to affect
many physiological processes.!!® The effect of tem-
perature on immune functions likely differs among
groups of organisms though, although systematic
comparisons have not been made. Ectotherms are
more sensitive to ambient temperature changes due

Martin et al.

to their need to obtain heat from the environment'!”
and many terrestrial ectotherms are projected to
be greatly affected by even small changes in global
temperatures.!!® While some ectotherms can offset
temperature challenges by altering their behavioral
patterns, using more suitable microhabitats, or re-
locating to more suitable environments, sessile or
range-limited species must adapt or use existing
physiological plasticity.!’* Even though some ec-
totherms may behaviorally compensate for unsuit-
able temperature changes, shifts in microhabitat use
or activity profiles could influence energy budgets as
well as contact rates with parasites and other hosts.
Endothermic hosts by contrast are not as susceptible
to changing temperatures as they can regulate body
temperature endogenously or migrate to new areas
given their generally larger body size. Still, the effects
of temperature on immune processes vary greatly,
even within ectotherms. Typically, acute thermal
changes are detrimental to immune functions, such
as phagocytosis,?° respiratory burst,'?! the prophe-
noloxidase cascade,'> and antibody synthesis.'*
However, for some fish and amphibians, immune
responses can be stimulated or at least positively cor-
related with increases in temperatures, 124 includ-
ing lysozyme and immunoglobulin M levels.!24126
Effects of temperature change on endotherms are
generally weaker,'*’~!? although results are contin-
gent on what is measured and the magnitude of
temperature perturbation. For instance, cytokine-
stimulated T-cell proliferative responsiveness was
sensitive to temperature in some rodents,'*® and
heat stress (up to 40° C) reduced multiple innate
and adaptive immune functions in chickens!3!-!32
and egg-laying hens.!*> However, insufficient stud-
ies have been conducted in any taxon to provide
definitive generalities regarding temperature im-
pacts on immune functions.

One particularly promising area for future re-
search involves the effects of ambient tempera-
ture on fever, or behavioral hyperthermia. Fever
is used by almost all animals and is one of the
fastest-acting and broadly protective immune de-
fenses they possess.!**!%> Fever combats infectious
organisms predominantly by elevating the activ-
ity of immune cells, biochemical reaction rates,
and generally making the body uninhabitable for
most microbes.!*® Endotherms generate fever by
adjusting the set-point of body temperature (via
changes in prostaglandin metabolism in the brain),
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but ectotherms induce fever by moving into areas
in which more ambient heat is present.!*” In rats,
transient exposure to above average ambient tem-
peratures had positive effects on fever,'*® whereas
below average temperatures reduced fever duration
and magnitude.!***!%% For grasshoppers (Zonocerus
variegatus), an increase in daytime maximum tem-
peratures of just 2° C enabled faster recovery from
fungal infections.!*! Although studies in which the
duration, magnitude, and direction of temperature
modifications on fever are assessed are rare, future
focus is especially warranted given the pervasive-
ness of fever as a defense and its obvious sensitivity
to environmental perturbation in ectotherms. In-
triguingly, global increases in temperature may be
protective for some ectotherm infections, although
the outcome is probably contingent on the host—
parasite interaction. 42143

Perhaps the best studied system in which
temperature-dependent changes in immune func-
tions have been evaluated is corals. Most corals in-
habit warm waters near the limits of their thermal
tolerance.!!®> Coral mortality due to heat waves typ-
ically occurs as a result of coral bleaching, which
is characterized by the loss of the obligate algal
symbionts and/or their associated pigments.'** In
recent years, coral mortality due to epizootics has
increased in frequency and severity,!*~1*° with over
20 disease syndromes affecting over 60 hosts glob-
ally.'*” Many coral disease outbreaks follow heat
waves and bleaching events.!*-!>° Because diverse
immune responses including antifungal activity,
cellular immune components, and prophenoloxi-
dase activity are induced upon parasite exposure
or infection!®~1* and elevated!®*!%:1% or sup-
pressed!°®157 by increased temperatures, it is plausi-
ble that temperature increases elevate infection risk
via immune alterations. Additional support is ex-
emplified by work in shore crabs (Carcinus mae-
nas). The antimicrobial properties of hemocytes and
expression of antibacterial proteins in crabs were
most active at very low and very high environmen-
tal temperatures.'>® However, the higher expression
of antimicrobial proteins did not confer disease
resistance at elevated temperatures and the crabs
succumbed to parasite exposure regardless. These
studies highlight the nuanced relationships between
temperature and host immune functions and rein-
force the context dependency of most host—parasite
interactions.'

Ecoimmunology and global change

Future directions

A central theme of future work on anthropogenic
temperature changes and immune functions should
be to make links with disease outbreaks. It is
still unclear whether and how many temperature-
driven immune alterations influence the outcome
of host—parasite interactions. In some cases, tem-
perature changes impacted immune functions and
were directly correlated to disease outbreaks,!¢%:16!
but in others, temperature-stimulated immune
changes were not related to disease-induced mortal-
ity.155:162.163 The one generality that presently seems
robust is that temperature extremes contribute to
lowered immune functions and disease outbreaks.
Temperature anomalies, such as heat waves, are par-
ticularly implicated,'®* perhaps because hosts can-
not acclimate as rapidly to the new temperature
regime as the parasite. An example involves the
protozoan parasite, Perkinsus, and its Atlantic oys-
ter (Crassostrea virginica) host. Perkinsus outbreaks
most often occur in warm, summer months and
end in winter because of temperature limitations
on their life cycle.'®> During the anomalously warm
winters of the 1990s, Perkinsus spread northward
into oyster populations in New York to Maine where
it did not occur before.'®"17 Whether immune
changes in oysters fostered Perkinsus spread is un-
clear, but the oyster example is not alone. In 2003,
central and northern Europe experienced anoma-
lously high temperatures, and this heat wave trig-
gered high mortality to disease in sticklebacks (Gas-
terosteus aculeatus).'® Comparable examples for
extreme cold associated disease outbreaks include
Cold-water Vibriosis,'*® brown ring disease,'®! and
Epizootic Ulcerative Syndrome,!'” but whether im-
mune functions were altered by temperature in
these cases remains unknown. In all of the above
studies, an additional missing element is whether
and how many immune processes can acclimate
to temperature changes. Oftentimes, if animals are
allowed to acclimate to temperature swings, they
can perform at comparable levels to normothermic
temperatures.!’’ In deer mice (Peromyscus man-
iculatus), neither cell-mediated!?” nor humoral'?®
immune activities differed between groups accli-
mated for 6 days at low temperatures prior to
measurement and mice housed at normothermic
temperatures. Studies of temperature acclimation
will be particularly important in the future, as
changes in temperature variability may be more
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important than changes in temperature averages.'!?
Such lability may also compromise immune adjust-
ments to typical (seasonal) fluctuations in temper-
ature, as has been noted in Red-spotted newts (No-
tophthalamus viridescens).’!

Opverall, there appears little consistency in how
immune elements respond to temperature changes
with the exception that extreme temperatures tend
to be detrimental. It may even be premature to make
this generalization because most studies have in-
volved experimental manipulation of temperatures
in a lab setting. While there are obvious limitations
to temperature manipulations in the field, capi-
talizing on natural temperature variations, climate
anomalies and seasonal variation would comple-
ment existing lab studies. Furthermore, in addition
to temperature, other climate events, such as heavy
rainfall, drought, and increased cloud cover have
the potential to exacerbate disease outbreaks and
related mortality not only by directly affecting host
immune functions but through coinfections with
additional parasites.!”? The generation of long-term
and large-scale data sets combined with immune
data from free-living organisms will be useful for
understanding and predicting changes in immune
function and disease incidence as winters and sum-
mers get warmer.

Introduced species

native
174

Introduced organisms can extirpate
species,'”> compromise ecosystem functions,
and disrupt native communities.!”>!7® They are
responsible for billions of dollars of damage
annually,'”” and with growing global commerce,
the number of introductions will continue to
increase.!’® The impacts that introduced species
have on immune functions and disease resistance
in native hosts are not clear however. Whereas
more pollutants or temperature anomalies might
tend to reduce immune functions, the effects of
introduced species on (native) immune functions
could take at least three forms. If the introduced
organisms are hosts, they may compete with native
species directly and thus elevate disease risk by
reducing host immune defenses (by consuming
resources necessary to power a competent immune
system), they may compete indirectly by harboring
native or introduced parasites that spillover into
native populations, or they may even dilute parasite
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risk for native populations by serving as better
reservoirs for native parasites. On the other hand,
if the introduced organisms are parasites, they
could harm native populations if they are able to
infect native hosts, especially if they cause greater
morbidity or mortality than native parasites.
However, in some cases introduced parasites might
even aid native host populations if introduced
parasites outcompete native parasites once they
infect.!”-180 Because of this complexity and the
fact that context dependency could have strong
impacts on each host—parasite interaction, we
focus here on (1) whether introduced hosts
alter native host immune functions by inducing
elevations in stress hormones,'®' and (2) whether
introduced hosts possess distinct immune systems
relative to native hosts, which would make them
(invaders) likely sources (or sinks) for parasites.'82
Only recently has the possibility been raised that
introduced organisms might be immunologically
distinct from native ones,'®? although a growing
literature indicates that organisms with life history
characteristics similar to many invasive species
(e.g., large clutch sizes, rapid rates of maturation)
have immune systems that are distinct from other
species.!0%183

Introduced hosts as stressors

Many of the negative effects of anthropogenic global
changes on immune functions may be mediated via
stress hormones, most notably the GCs. As discussed
above, interactions between GCs and immune func-
tions are dynamic: over short-time scales, immune
activities tend to be enhanced by GCs but over the
long term they are suppressed.”* As introductions of
nonnative species would typically be enduring (i.e.,
a chronic stressor), if anything, introduced species
should suppress native species’ immune defenses
if they elevate GCs. Although only one study has
demonstrated that introduced species can elevate
stress hormones in native species,'8! most aversive
stimuli induce the release of GCs,'®* so it is highly
probable that the introduction of nonnative com-
petitors/predators frequently elevate GCs in native
species. However, the time scales and periodicity
over which encounters with introduced organisms
occur will affect GC coordination of immunity. Re-
peated exposure will likely cause (1) GC hypore-
sponsiveness to stressors because stimuli lose their
novelty (2) or a reduced capacity of GCs to be
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elevated in response to future stressors (because
of compromised hypothalamic control of GCs or
reduced adrenal function). For the immune sys-
tem of native organisms, initial exposure to intro-
duced organisms would probably elevate GCs and
hence dampen most immune functions. Over time
though, individuals could come to ignore or attenu-
ate GC responses to introduced organisms,'® which
would leave their immune systems minimally af-
fected, or, if GC regulation is permanently altered,
immune functions could be permanently affected
too. One of the most important regulatory roles
of GCs is to dampen inflammation. With altered
GC negative feedback, the host may be negatively
impacted, as collateral damage via inflammation,
which is usually minimized via positive GC ef-
fects on antiinflammatory cytokines,'3® may be in-
creased.

The difficulty of considering introduced species
as stressors is that what constitutes a stressor for
one organism might not induce a stress response
(and thus minimal immune alterations) in another.
This point is reflected in comparisons of GC reg-
ulation in avian populations at different points
along an urbanization gradient. In Germany, city-
dwelling European blackbirds (Turdus merula) re-
leased less corticosterone in response to a restraint
stressor than forest-dwelling birds.'®” In Arizona,
USA, multiple urban-dwelling bird species showed
the reverse pattern, releasing less corticosterone
than rural-dwelling species.!®® For urban-dwelling
white-throated sparrows (Zonotrichia leucophrys),
habitat differences in corticosterone were sex spe-
cific with males having more baseline GCs in urban
than rural habitats but females exhibiting no signif-
icant differences.'®’

Immune distinction in introduced hosts

A separate line of research suggests that introduced
species might impact native hosts because their im-
mune systems might have a particular configuration
that facilitates their colonization of new areas.'*%:1%!
This hypothesis was derived from recurrent obser-
vations of enemy release'®* and the evolution of in-
creased competitive ability'®® in introduced hosts.
Enemy release recognizes that introduced organisms
harbor lower parasite diversity than native popula-
tions, an outcome that arises because some para-
sites cannot be sustained in the new environment
and others are lost when transporting hosts from
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one place to another (e.g., highly virulent ones or
those requiring intermediate hosts).!**1%° This loss
of burden would favor those individuals that sac-
rifice those (immune) defenses that would impart
the greatest costs but provide the fewest benefits,!8?
especially given that many (but not all) parasites in
the introduced range would require time to evolve
mechanisms to exploit introduced hosts.!* In ver-
tebrates, the most likely immune defenses to be sac-
rificed are cell mediated and inflammatory immune
functions.'”” Cell-mediated immune functions pre-
dominantly control intracellular infections, which
should be rare in hosts with little to no coevolu-
tionary history with parasites in their new range.
Inflammatory responses might be expected to be
robust in introduced organisms due to their broad
efficacy. However, they (1) are prone to collateral
damage, (2) require high rates of protein turnover,
and (3) elevate metabolic rates substantially, traits
that would conflict with the lifestyles of many in-
troduced organisms.!?$1% A comparison of house
sparrows (Passer domesticus) and Eurasian tree spar-
rows (P. montanus) from St. Louis, Missouri, sup-
ported the hypothesis that inflammation and cell-
mediated immune functions should be sacrificed
in introduced organisms. House sparrows, which
are one of the world’s most broadly distributed in-
troduced vertebrates, mounted weak inflammatory
and cell-mediated immune responses to the same
immune challenges that induced strong responses
in tree sparrows.!”! However, antibody production
against a novel antigen exhibited the reverse pat-
tern. These outcomes are consistent with the intro-
duction history of each species: both species were
introduced to the United States 150 years ago but
house sparrows have come to occupy all of North
America whereas tree sparrows have expanded lit-
tle from the area where they were initially intro-
duced. A second experiment implicated immune
organization further as an influence on current dis-
tribution: simulated infection of tree sparrows de-
creased reproductive output by half whereas the
same challenge had no effect on egg output in house
sparrows.!?

In the future, it will be important to ascertain
whether diminutions in inflammatory defenses oc-
cur in other invasive species and whether they solely
represent attenuated parasite resistance or addition-
ally a requirement of encountering novel parasites.
Indeed, another interpretation of the above studies
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is that damped inflammation is imperative in in-
troduced hosts because they would otherwise die
from the novel parasites they would encounter in
new areas.'8? Novel infectious diseases are notori-
ous for causing mortality and morbidity via im-
munopathology. Pathogenic avian influenza (HPAI)
kills hosts by overactivating inflammatory mecha-
nisms,?% and West Nile causes encephalitis (e.g., in-
flammation of neuronal tissues) in individuals lack-
ing prior exposure.?’! In invasive cane toads (Bufo
marinus), an otherwise benign soil microbe ap-
pears responsible for an arthritis-like disease in in-
dividuals that are otherwise most disposed to rapid
colonization.2%?

A related possibility is that by favoring an anti-
inflammatory phenotype, introduced hosts fos-
ter the parasites that travel with them and the
symbiosis as a unit experiences greater success
in the new area than it would experience alone.
Indeed, anecdotal evidence indicates that tolerat-
ing (e.g., limiting damage without affecting bur-
den) certain, relatively parasites favors the suc-
cess of establishment and persistence of hosts in
new areas. First, parasite prevalence, but not di-
versity, can be as high or higher in introduced
populations as in the native range.?*>?** Second,
even after generations in new areas, many in-
troduced hosts do not become infected with the
same parasite diversity as in their native range.?%
The specific role of the host immune system is
not known in these cases, but the currently best
known mediators of parasite tolerance include anti-
inflammatory cytokines.?®2” However, reduced
diversity is to be expected early after introduc-
tions (see above), but why diversity would re-
main intransigent but prevalence become com-
parable or even greater than the native range is
perplexing.

The most obvious explanation of greater preva-
lence but lower diversity is that introduced hosts
and parasites maximize fitness in new areas via
selective tolerance (host) and low virulence (par-
asite). For the host, coping with known, low vir-
ulence parasites is more feasible than combating
the unknown.?® Moreover, parasites can be ef-
fective competitors within hosts, especially if they
are already present when a second infection oc-
curs,'® and sterilizing immunity (i.e., complete
clearance of a parasite burden) is rare for most
host—parasite interactions,?”” probably because the
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shorter generation time of parasites in the majority
of host—parasite pairs enables parasites to limit host
populations in spite of host immune defenses.?® To-
gether, resistance of many parasites will be futile,
so introduced hosts may foster success in new ar-
eas and avoid infection with novel parasites by fa-
voring their “dear enemies.” For the parasite too,
there would be advantages of being tolerated (e.g.,
maintaining low virulence). The conditions into
which nonnative parasites are introduced would
not be conducive to high virulence; high virulence
would eliminate the introduced host population
before novel parasite variants could evolve to in-
fect native hosts.?!? In support, the parasites that
typically arrive with introduced hosts are mini-
mally virulent and vertically transmitted to the hosts
with which they arrive,?!! or they are generally in-
fective to all hosts regardless of origin. The for-
mer element probably occurs because some par-
asites possess key (exploitative) innovations that
allow them to exploit diverse hosts. The latter, how-
ever, would positively affect the fitness of the in-
troduced host—parasite unit.>> In some cases, the
introduction of tolerant host/low virulence para-
site pairs could have strong negative impacts on
native communities. One of the best examples in-
volves the colonization of Western Europe by the
grey squirrel (Sciurus carolinensis) and the subse-
quent extirpation of the native red squirrel (S. vul-
garis®'?). Grey squirrels carry a parapoxvirus, which
does little harm to them but greatly affects red
squirrels.”!® Little is known about how the grey
squirrel tolerates the virus, but rates of decline of
the red squirrel are impacted by the grey squirrel
more where the parasite occurs.”!* A similar pat-
tern has been seen for the American signal crayfish
(Pacifastacus leniusculus), which carries a fungus
that has decimated native crayfish species.’!> Al-
though rarely considered in evolutionary ecology,
most large organisms are effectively communities of
animal, fungal, and microbial genomes,?!® so host
introduction success may be as much due to the
parasites it brings with it as the parasites it leaves
behind.

Future studies

Feral predators elevate GCs in some native species to
levels that compromise immune functions in oth-
ers,8! but to what extent and over what time scales
other introduced organisms can act as stressors and
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impact native host immune systems, and hence dis-
ease, requires additional study. Similarly, we know
thatimmune variation between house and tree spar-
rows is consistent with what would be predicted
for strong and weak invaders,'**! but we do not
know whether similar patterns occur in other in-
troduced species and whether tolerance of a specific
set of parasites can foster the success of introduced
species via parasite-mediated apparent competition
with native hosts.?!” In some cases, introduced hosts
have had negative impacts on native communities
via disease spillover, spillback, or apparent competi-
tion,?!® and it will be particularly useful to ascertain
the extent to which immune variation is responsible.
A recent example of spillover involves the American
bullfrog (Rana catesbiana) and the subsequent in-
troduction of chytrid fungus.?!® Bullfrogs are some-
how more tolerant of chytrid than other species;
the extensive farming of this species, more so than
any other amphibian, is implicated in the decline of
several native species by providing a chytrid reser-
voir in areas where the parasite would otherwise
have been unsustainable. If we know whether anti-
inflammatory processes are responsible for greater
tolerance, these pathways could be pharmacologi-
cally or genetically manipulated to compromise the
ability of bullfrogs to tolerate infections. Further-
more, we might learn how immunologically native
hosts are protected against parasites by introduced
hosts.??’ The European wood mouse (Apodemus syl-
vaticus) is protected against some parasites in areas
where the invasive bank vole (Clethrionomys glare-
olus) has become established.??! If we knew how
bank voles tolerated certain infections, we might be
able to identify species or populations particularly
prone to infection based on their immunological
profile. In the future, an explicit focus on the partic-
ular immune mechanisms involved in a particular
host—parasite interaction will provide the greatest
insights.

Conclusion

Global change elements seem to impact animal im-
mune functions, but to what extent disease emer-
gence, prevalence, and distribution are influenced
remains poorly known. Unfortunately, for the fore-
seeable future, the threats of pollutants, introduc-
tions of nonnative species, and temperature (cli-
mate) changes are unlikely to subside. Thus it will
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become increasingly important to identify how hu-
man activities alter the immune defenses of animals
and do our best to prevent or mitigate the emer-
gence or persistence of certain parasites in natural
communities. To this end, we propose three efforts:
(1) better communication among scientists in dif-
ferent fields, (2) focused study on innate immune
functions, and (3) an emphasis on environments
where multiple global change threats interact.

First, we propose that immunologists, parasitol-
ogists, and ecologists work to understand one an-
other’s terminologies. Given that disease ecologists
are often interested in population and community-
level processes whereas immunologists tend to focus
on cellular or molecular processes, it is not sur-
prising that cross-talk among disciplines has been
difficult. We use different terminologies (e.g., vir-
ulence, pathogenicity, competency), but there are
common immune mediators for these processes
that both groups of scientists can measure and use
toward identifying insightful generalizations.'?

Second, we suggest that ecologists and immu-
nologists interested in global change focus on in-
flammatory processes and other innate immune de-
fenses. These immune defenses clearly impact resis-
tance (and tolerance) of diverse parasites,?2-20%:222
they are the most likely to be traded off with
other physiological processes,'* they are evolution-
arily conserved,?**?2% and they are implicated as
the causes of immunopathology,?*®?** a common
source of mortality or morbidity in hosts exposed
to novel parasites. Of course, other elements of im-
mune function too should be considered, especially
because of their particular implications for disease
persistence (e.g., antibody-mediated immune mem-
ory). However, given their historical neglect but
conserved and broadly protective nature, innate im-
mune defenses warrant greater consideration than
they presently receive.

Our final recommendation entails a focus on set-
tings where multiple global changes are interact-
ing. As humans continue to encroach on habitats
across the globe, wildlife will be faced with multi-
ple challenges to their immune systems®?’ and it
will be difficult to disentangle which are having
the greatest impacts. In spite of this limitation, the
magnitude of these problems necessitates immedi-
ate attention. Close to 80% of the U.S. population
lives in cities or suburban areas where the threats
of pollutant exposure, introduced species contacts,
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and heat waves are greatest.”?® What impacts urban
conditions have on the organisms that live there
are as yet poorly known, but disease emergence is
more common in urban areas than all other habi-
tat types.”?? Much of urban disease emergence is
related to high availability of breeding sites for vec-
tors, climate moderation, or high densities of some
hosts,?*° but some may also be attributable to vari-
ation in host immune functions.?®! For instance,
greater pollutant exposure could suppress immune
defenses directly or indirectly through stress hor-
mone changes, and thus increase mortality in the ur-
ban “adapter” species that opportunistically exploit
human-modified habitats.?*?> Conversely, the pro-
visioning of resources (e.g., bird feeders, landfills,
nest cavity or burrow sites) could allow individuals
to resist or recover from infections better than they
would in unmodified habitats,*® especially urban
“exploiter” species, which tend to be nonnative and
sources of parasite spillback or spillover. In terms of
temperature, heat waves that are common in cities
could suppress host immune functions to lower lev-
els than would otherwise occur. A particular benefit
to focusing research attention on urban centers is
that the same rodents that are models for under-
standing human immune functions are common
there. Indeed, we have more tools for characterizing
immune functions in Norway rats (Rattus norvegi-
cus) and house mice (Mus musculus) than almost
any other species, and recent work has indicated
that urban-dwelling populations of these species
can serve as reservoirs for zoonotic parasites®** and
that immune functions in these species vary along
urbanization gradients.?*> In sum, we advocate in-
tegrative, multidisciplinary work at diverse spatial
and temporal scales to assess and prevent anthro-
pogenic global changes from further compromising
animal immune functions.
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