Annu. Rev. Mar. Sci. 2021.13. Downloaded from www.annualreviews.org
Access provided by 173.93.228.198 on 06/22/20. For personal use only.

MA13CHO3_Byers  ARjats.cls  June 2,2020 8:28

'\ ANNUAL
f\¥l REVIEWS

Annu. Rev. Mar. Sci. 2021. 13:3.1-3.24

The Annual Review of Marine Science is online at
marine.annualreviews.org

https://doi.org/10.1146/annurev-marine-031920-
100429

Copyright © 2021 by Annual Reviews.
All rights reserved

Annual Review of Marine Science

James E. Byers

Odum School of Ecology, University of Georgia, Athens, Georgia 30602, USA;
email: jebyers@uga.edu

Keywords

enemy escape hypothesis, global warming, nonnative species, sea star
wasting disease, shrimp black gill disease, transmission

Abstract

Climate change affects ecological processes and interactions, including par-
asitism. Because parasites are natural components of ecological systems, as
well as agents of outbreak and disease-induced mortality, it is important to
summarize current knowledge of the sensitivity of parasites to climate and
identify how to better predict their responses to it. This need is particularly
great in marine systems, where the responses of parasites to climate variables
are less well studied than those in other biomes. As examples of climate’s
influence on parasitism increase, they enable generalizations of expected
responses as well as insight into useful study approaches, such as thermal
performance curves that compare the vital rates of hosts and parasites when
exposed to several temperatures across a gradient. For parasites not killed by
rising temperatures, some simple physiological rules, including the tendency
of temperature to increase the metabolism of ectotherms and increase oxy-
gen stress on hosts, suggest that parasites’ intensity and pathologies might
increase. In addition to temperature, climate-induced changes in dissolved
oxygen, ocean acidity, salinity, and host and parasite distributions also af-
fect parasitism and disease, but these factors are much less studied. Finally,
because parasites are constituents of ecological communities, we must con-
sider indirect and secondary effects stemming from climate-induced changes
in host—parasite interactions, which may not be evident if these interactions
are studied in isolation.
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INTRODUCTION

All organisms have optimal temperature windows in which they thrive and outside of which they
underperform or die (Portner & Farrell 2008). Part of the human body’s defense system against
infection is predicated on this physiological principle. For example, fever’s function in endother-
mic animals, as in humans, is in part to ramp up temperature to an intolerable level for invading
pathogens. Although the use of optimal temperature windows to frame the success or failure of
pathogens seems quite logical, for a long time the thinking was that a warmer world equals a sicker
world (e.g., Harvell et al. 2002). That is, a dominant expectation was that parasites and pathogens,
and even biotoxins, would differentially benefit from warming temperatures relative to their hosts.
Some prominent examples adhered to this pattern, such as Vibrio, coral black band disease, and sea
star wasting disease (SSWD). However, if this pattern were universally true, it would mean that
most pathogens around the world are living just below their thermal optima, and the warmer tem-
peratures boost them into optimal conditions. More likely, rather than being a universal truism,
we were seeing some conspicuous instances of pathogens moving closer to their thermal optima
but not noticing others that were pushed outside of their optima and thus declining (Raffel et al.
2013, Carlson et al. 2017, Cizauskas et al. 2017). Particularly in the ocean, where many processes
(especially microscopic or internal ones) are often out of sight and out of mind, it can be difficult
to view these host—parasite systems with a balanced, holistic perspective.

"To gain a proper perspective of temperature effects on marine disease, we should start by clar-
ifying an important discrepancy in tallies of diseases. In an earlier review, Lafferty (2017) enu-
merated that there are only 102 notable disease-causing agents in marine systems recognized in
the literature; specifically, he states, “The literature considers approximately 25 viruses, 33 bac-
teria, 23 protists, and 21 metazoans to cause notable marine diseases in plants, corals, molluscs,
crustaceans, echinoderms, fishes, turtles, and mammals” (p. 474). Yet my colleague Al Camus, a
veterinary pathologist, teaches a graduate course on fish disease and pathology where he indexes
thousands of parasitic and pathogenic species that cause hundreds of diseases. (Admittedly, these
numbers include both freshwater and marine fish species, but they are only for fish and do not in-
clude those hosted by myriad marine invertebrate, mammal, and reptile species.) The discrepancy
between the two tallies arises from an important distinction: The bulk of Dr. Camus’s material
pertains to cultured fish species. In the wild, detection may be more difficult, particularly with
some viral diseases. Many of the diseases he has catalogued affect young fish life stages that are
unlikely to be observed in the act of dying in the wild. By the time any population effect manifests,
possibly several years later, evidence of the disease is long past.

In addition to logistical reasons, disease detection in wild fish may be more difficult for biologi-
cal reasons. Specifically, many disease agents may cause symptoms in individual wild fish but often
are not widespread enough that we would notice a population-level effect. As host species come
under stressful culture conditions (e.g., in aquaculture), diseases often emerge. Most are probably
not new but existed in wild populations at a subclinical level or produced too few mortalities to be
observed. The sobering thought to consider about this discrepancy is the latent ability for disease
outbreak. That is, if this huge number of pathogens does exist subclinically in wild populations,
how will climate change (along with other large, intensifying anthropogenic impacts, such as over-
fishing, environmental degradation, and diminishing feed sources) influence future outbreaks?

One illuminating example is mycobacteriosis. For years it was considered almost entirely a
stress-associated disease of cultured fish, but it has developed into a substantial problem in striped
bass (Morone saxatilis) in Chesapeake Bay as environmental quality and food sources have declined
(Kane etal. 2007). Population-level impacts associated with mycobacteriosis were initially difficult
to ascertain because the disease is chronic and disease data were limited. But lately, researchers
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have shown that the disease compromises growth and increases mortality (e.g., Latour etal. 2012).
Groner et al. (2018) measured mycobacteriosis incidence in mature fish consistently at more than
89% and mortality of diseased fish at approximately 80% each year. The authors modeled the
effect of summer sea surface temperature on the fish, both healthy and infected, and found that
mortality increased with temperature, to more than 90% in warm years. This indicates that striped
bass populations are living close to their maximum thermal tolerance, which is driving increased
disease and mortality.

Given the paucity of marine diseases adequately known in an ecological context, especially
the potentially large number that may be latent, how can we generate a predictive framework for
climate effects on parasites in marine systems? Although some insight could be gained by draw-
ing generalities across taxa and comparing with other systems, several researchers have cautioned
against that. Not only are comparisons with terrestrial systems difficult given the sampling im-
balance, but marine systems may warrant their own approach due to life history differences and
the taxonomic diversity of parasites and hosts (Strathmann 1990, McCallum et al. 2004, Lafferty
2017). For example, marine systems have more parasitic castrators than parasitoids and different
transmission modes, such as a larger reliance on environmental transmission and less on biting
vectors (Lafferty 2017). Marine organisms also have a preponderance of open population struc-
ture (i.e., with highly dispersive larval or adult stages), which likely makes environmental transport
as a disease transmission mode far more common, including over long distances (McCallum et al.
2004). Most likely, progress in the near term will continue to be made in specific host—parasite
systems where detailed data are readily (and ideally experimentally) gathered.

This review seeks to summarize our current state of knowledge, identify data gaps, and move
the field in a predictive direction. To this end, first, I examine thermal performance curves (TPCs)
as a promising first-step approach to predict the effects of changing temperature on parasites and
disease. Second, I consider reasons why some disease pathologies may be intensified by climate
change, supporting these reasons with examples from several prominent case studies. Third, al-
though temperature is one of the biggest drivers of disease that is changing with climate, other
important climate-related disease drivers, such as dissolved oxygen, salinity, ocean acidification
(OA), and species distributions, are changing and may also play a role; I summarize the effects
of these influential yet underrepresented variables in studies of climate change and disease. Fi-
nally, I propose that the responses of host—parasite dynamics to climate change require broader
investigation than vital rates and transmission rates measured on the host—parasite pair in isolation
from their community. Rather, it is often necessary to measure host—parasite dynamics in a natural
context, because alterations of host—parasite interactions can ramify to affect the community, and
some effects on the community can themselves feed back on host-parasite dynamics.

TEMPERATURE SENSITIVITY AND THERMAL
PERFORMANCE CURVES

Similar to other organisms, parasites have temperature optima for their vital rates (Marcogliese
2001), and climate change can affect those rates directly. However, the local host environment
buffers parasites from environmental change to some degree. As the condition, competency,
and availability of a host becomes affected by environmental change, these changes to the host
influence parasites (Lohmus & Bjorklund 2015). Thus, climate can indirectly affect parasites
through alterations to host distribution, immunology, physiology, and behavior (Marcogliese 2001,
Thieltges et al. 2008, Callaway et al. 2012), all of which are temperature sensitive. These indirect
effects of climate on parasites may surpass the influence of direct effects, and they certainly ensure
a strong dependent coupling of parasite responses to their hosts’ reactions to climate change.
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Overlays of thermal ranges for three crustacean hosts (so/id lines) and their selected pathogens (dashed lines). Increases in temperature
(gray boxes) above the host’s optimum favor pathogens in these systems because their growth rates respond quickly to overwhelm innate
host immune systems. Performance is given in relative terms of aerobic scope. (#) The American lobster (Homarus americanus) and the
dysbiotic microbiome that causes epizootic shell disease. (b)) The snow crab Chionoecetes opilio and the boreal species of Hematodinium sp.
The question mark denotes that the temperature range for the parasite is not well known and has been pieced together from field and
culture conditions from different hosts. () The blue crab Callinectes sapidus and the parasitic dinoflagellate Hematodinium perezi. Figure
adapted with permission from Shields (2019); copyright 2019 Oxford University Press.
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To predict effects of climate change on host—parasite systems, TPCs are an informative starting
point. TPCs quantify the temperature sensitivities of host and parasite vital rates, which can then
be compared to examine the relative consequences of altered temperature on each. Because most
parasites are obligate, construction of these curves, at least for survivorship rates, usually means
comparing the thermal responses of uninfected and infected hosts (the infected host’s response
typically represents the parasite’s response since their fates are intertwined). Shields (2019) pro-
vided an example of a simple approach to TPC construction that yields much insight for predicting
outbreaks, the emergence of pathogens, and general climate change influences. He compiled from
the literature the effects of temperature on several crustacean host—parasite systems. Within each
system, he then compiled and relativized the responses of the hosts and parasites into a single per-
formance metric of aerobic scope, which allowed him to overlay the thermal ranges of the hosts
with those of the pathogens (Figure 1). In three systems he examined, he was able to predict that
rising temperatures should favor the parasite more than the host.

Widespread application of Shields’s approach may be difficult because few studies have quanti-
fied the thermal responses of marine hosts and their pathogens over sufficient temperature ranges
to resolve the nonlinearities in TPCs. However, fish aquaculture may be a rich area to look for data
to construct TPCs. For example, Karvonen et al. (2010) examined the effects of natural variations
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in temperature over 21 years on four diseases of salmon and trout in two fish farms in Finland.
Their comparison of host and parasite responses to temperature yielded every possible result,
with the prevalence of some pathogens benefiting from warmer conditions, while the prevalence
of others decreased or remained unaffected. Also, even though the two studied farms were only
65 km apart, the effects were not spatially universal, emphasizing the importance of specific local
conditions.

Although the TPC comparisons done in the previous examples provide good insight, they
typically report on the survival, and possibly reproduction, of the host and parasite across temper-
ature. Thus, they usually do not look at all relevant responses of the host—parasite dynamic and
may fall short of enabling reliable predictions of temperature effects on the ultimate outcome of
their interaction. To determine a net prediction of climate effects on host—parasite dynamics, a
more comprehensive approach is often needed. The variables necessary for such an approach are
those that influence the growth and spread of disease, including prevalence, intensity, transmis-
sion, demographics, abundance, and distribution. Collectively, these critical variables inform the
population growth trajectory of a parasite (Ry) and determine whether it is increasing or decreas-
ing. Temperature could induce change in any one of the component variables of Ry, so models can
help sort them out, predict a bottom line, and test the significance and sensitivity of each variable
(Lafferty & Holt 2003). To evaluate the net effect of these influential variables, TPC construction
is a valuable start, but most likely a comprehensive model will be needed to compile the effects of
the variables together and predict the net effects.

Several authors have been promoting this approach for parasites, emphasizing that care must
be taken in how the TPCs are constructed to ensure they are done in standardized ways, in order
to enable modeling approaches and subsequent cross-species comparisons (Molnar et al. 2017).
Modeling using TPCs as a starting point has been applied frequently in terrestrial insects, in large
part due to their short generation times (which facilitate the quantification of the insects’ vital
rates) and their importance as disease vectors (e.g., Mordecai et al. 2019). Many marine species,
especially invertebrates, have similar characteristics to insects, such as ectothermy and short gener-
ation times, and would thus be good candidates for TPC construction and subsequent modeling.
Additionally, much of what has been learned from insects may translate directly to crustaceans
since they share the same phylum.

Gehman et al. (2018) provided an illuminating example, and their study happens to be one of
the only marine examples of constructing and comparing host—parasite TPCs as an important step
toward modeling population-level effects. It was conducted on a short-lived marine crab (Eury-
panopeus depressus) and its rhizocephalan barnacle parasite (Loxothylacus panopaei) (Figure 2). After
constructing TPCs, the authors used those data to help build an epidemiological model to forecast
dynamical responses of the host—parasite system to plausible future climate-warming scenarios. In
warming scenarios within the coastal southeastern United States, the model predicted declines in
parasite prevalence, with local parasite extinction occurring with just 2°C warming. By predicting
that the warming temperatures would be more detrimental for the parasite than for the host crab,
this work exemplifies that system responses to increased temperature are not universally good for
parasites and accentuates the need to measure host and parasite thermal performance to predict
infection responses to climate change. In fact, more examples like these for marine host—parasite
systems could enable better prediction and broader generalities.

Studer et al. (2010) provided another thorough example. The authors conducted laboratory
experiments on the effects of temperature on all transmission steps of the intertidal trematode
Maritrema novaezealandensis from its first intermediate snail host, Zeacumantus subcarinatus, to the
second intermediate amphipod host, Paracalliope novizealandiae. Although the authors did not con-
struct TPCs per se, their study has many of the same data needed for them. They also did not
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Figure 2

(@) A model schematic for transmission of the parasitic rhizocephalan Loxothylacus panopaei in the mud crab
Eurypanopeus depressus. Susceptible hosts (S) are recruited at a constant weekly rate (A) during the
recruitment period and die at per capita rate us (1/expected life span). Susceptible hosts become parasitized
at per capita rate 8SI, where the transmission rate, 8, is an agglomerate parameter assumed to be
proportional to larval parasite production, and I is the number of infectious hosts with the reproductively
mature parasite stage. Exposed hosts (E) are infected with reproductively immature parasites that develop at
rate 7. Exposed and infectious hosts have mortality rates g and ur, respectively. (b—e) Model parameters
labeled in color are temperature dependent and are parameterized based on thermal performance curves fit
to experimental measurements of parasite reproduction (lifetime reproduction, /,72,,) (panel b) and host
survival for each infection status: susceptible (panel ¢), exposed (panel d), and infected (panel ¢). Figure
adapted from Gehman et al. (2018).

construct a formal model, but their study is rich in data, and their conclusions regarding the net
effects of rising temperatures on the host—parasite dynamic are helped by the fact that one of their
quantified rates (morality of the second intermediate host) shows an obvious bottleneck (i.e., com-
plete mortality at high temperature). Specifically, they found that increasing temperatures were
favorable for the parasite, but only to a certain point—namely, when the mortality of the second
intermediate host skyrocketed. Thus, temperature differentially affected the various steps of the
transmission process, and the amphipod host was the most vulnerable component.

Finally, Lohmus & Bjorklund (2015) explored the sensitivity of host—parasite parameters to
small changes in temperature. As a base, they used a model by Taylor et al. (2015) on a multihost
trematode life cycle modified to include temperature dependence in four parameters: the repro-
ductive rate of the first intermediate host, the reproductive rate of the parasite, the mortality of
the first intermediate host, and the transmission rate of infection to the first intermediate host.
They simulated modest temperature changes (0.5°C and 1°C) and three temperature-dependent
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death rates of the host (LDs shifted 1°C). Their results show that small temperature changes
(0.5°C) and small changes in the sensitivity of host survival to temperature can readily move para-
sites from nonviability to optimum to extinction. That s, they found strong, qualitatively different
outcomes for parasite abundance with small environmental changes. The heightened sensitivity
of the responses in this model suggests that understanding net effects of temperature on host—
parasite systems may often be difficult to do with only informal comparison (i.e., TPCs) and that
a subsequent model may often be necessary.

MECHANISMS OF INCREASED TEMPERATURE-DEPENDENT
INTENSITY AND PATHOLOGY

TPCs (and associated models) can help identify which parasites exceed their optimal temperature
for growth and transmission as temperature increases. For those parasites for which increases in
temperature do not exceed their lethal limits, biologically we might expect their intensity and
pathology in infected hosts to increase for three reasons—namely, that higher temperatures lead
to (2) increased metabolism of parasites, (b)) increased oxygen stress on hosts, and (c) increased
transmission windows.

First, because all invertebrates and most fish in the ocean are ectotherms, as a general rule,
the metabolisms of hosts and parasites increase with temperature. Increased metabolism means
increased feeding or replication of the parasite inside a host, accentuating damage (Fels & Kaltz
2006, Kirk et al. 2018). There are numerous instances of temperature-dependent disease patholo-
gies in distinct host-pathogen systems, but three examples are found in three-spined sticklebacks,
corals, and sea stars.

Three-spined sticklebacks (Gasterosteus aculeatus) are the intermediate host for a bird tapeworm
(Schistocephalus solidus). Macnab & Barber (2012) experimentally infected fish and held them at
20°C and 15°C for two months. At 20°C, the tapeworm larvae in fish grew four times more than
those held at 15°C, and 100% had sufficient biomass to make them competent to infect definitive
host species. By contrast, none of the parasite larvae at 15°C had sufficient biomass to be compe-
tent. Because of the strong biomass-to-fecundity relationship in this species, enhanced tapeworm
growth at higher temperatures predicts dramatically increased output of infective parasite stages.
Higher temperatures therefore enhance rates of parasite feeding, and thus growth and develop-
ment, which accentuates parasite transmission and parasite effects on the fish hosts (Macnab &
Barber 2012).

Corals are particularly sensitive to stress from high temperatures, and many pathogens op-
portunistically infect them under stress (e.g., Harvell et al. 1999, Bruno et al. 2007, Burge et al.
2014). The fungus Aspergillus sydowii infects many taxa, including coral. Two severe outbreaks of
A. sydowii on the fan coral Gorgonia ventalina have occurred during warm-water episodes that killed
more than half of the sea fan tissue (Kim & Harvell 2004, Ward et al. 2007). The higher tempera-
tures are thought to increase fungal growth and virulence and reduce host resistance (Ward et al.
2007). Thus, as warmer temperatures become increasingly common, they stress coral hosts and
increase pathogen performance, both of which enhance the impacts of disease on the coral. Black
band disease and its staghorn coral host (Acropora muricata) on the Great Barrier Reef seem to
show exactly the same patterns of disease virulence increasing with temperature while the host
resistance declines (Boyett et al. 2007).

SSWD has affected at least 20 species of sea stars, particularly along coastlines of the north-
western United States. Although uncertainties exist about the agent of disease and triggers
of its outbreaks, one agreed-upon aspect is the diminished effects of SSWD in cooler water
(e.g., Eisenlord et al. 2016). In a laboratory experiment, Kohl et al. (2016) tested whether cool
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temperatures, representative of winter temperatures in Washington, could slow the progression
of morbidity and even prevent SSWD mortality in the sea star Pisaster ochraceus compared with av-
erage summer temperatures. Cooler temperatures did not prevent SSWD mortality; however, sea
stars in cooler water lived more than twice as long as those held at summer temperatures. These
data are consistent with experimental studies and field observations during SSWD outbreaks that
seem to occur during, or immediately following, temperature increases (Dungan et al. 1982, Bates
et al. 2009) and support that SSWD pathology is temperature dependent (Kohl et al. 2016).

Second, a contributing factor to increased parasite intensity and pathology with temperature is
accentuated environmental (oxygen) stress experienced by the host. The stress results from higher
temperatures that boost the metabolism of ectothermic hosts and simultaneously drive down oxy-
gen saturation in the water, thus increasing oxygen demand while decreasing environmental avail-
ability. The resulting oxygen stress deteriorates the host’s resistance to infecting pathogens, typi-
cally because of reduced immunocompetence and altered physiology and behavior (Harvell et al.
1999, 2002; Bruno et al. 2007; Mann et al. 2013). TPCs, which are measured in controlled labora-
tory environments, often maintain O, at a high, stable level; thus, they might show more positive
effects of rising temperatures on a host compared with a natural setting where O, negatively co-
varies with temperature. Low oxygen is particularly common during summer in shallow-water
environments, especially if they are eutrophic (Lenihan et al. 2001).

The stress of low oxygen associated with increased temperature can weaken hosts and exacer-
bate disease impacts (e.g., Mikheev et al. 2014). In these cases, it is the interaction of the parasite
with the temperature-dependent stressor that affects the hosts. For example, Mikheev et al. (2014)
experimentally demonstrated that low oxygen made rainbow trout (Oncorhynchus mykiss) increase
ventilation volume through their gills. Because the gills are an important penetration site for larval
stages of trematode parasites, more trematodes were pumped over the host’s gills in low-oxygen
conditions, which increased infection intensity. The number of cercariae acquired by a fish host
was positively correlated with ventilation amplitude and volume.

Another example comes from Hyalophysa lynii, an apostome ciliate that parasitizes penaeid
shrimp in the southeastern United States (Landers et al. 2020). The ciliate lives in the gills of
its shrimp host, which triggers an immune response by the host that results in melanized nod-
ules in the gill tissue of infected shrimp, giving the disease its common name of shrimp black gill
(Figure 3). The highest prevalence of the gill nodules, which are the intense, late-stage symp-
tomatic expression of the disease, occurs in late summer as water temperatures peak (Frischer
etal. 2017). The nodules interfere with oxygen exchange, reducing physical endurance and escape
responses compared with shrimp without nodules (Frischer et al. 2018). As temperatures warm,
oxygen concentration decreases, and the physical impairment intensifies stress on the host.

The third reason that parasite intensity might increase is the tendency of rising temperatures
to increase parasite transmission windows, especially at high latitudes, where temperatures are
expected to change the most (Galaktionov 2016). In many high-latitude regions, parasite trans-
mission occurs during short summer periods (Karvonen et al. 2010), while the majority of the
year is unsuitable for parasites (Hakalahti et al. 2006). For example, increasing temperatures in
the Baltic Sea have coincided with the emergence of Vibrio infections in northern Europe, with
the number and distribution of cases corresponding closely with the temporal and spatial peaks in
sea surface temperatures (Baker-Austin et al. 2013). As another example, the transmission window
is narrowly calibrated for trematodes, which are often incapable of transmission at low temper-
atures because physiologically they cannot reproduce. Working in the White Sea, Galaktionov
et al. (2006) showed that the emission of trematode cercariae from infected snails is blocked when
water temperature drops to 3-5°C; if the temperature remains low, the formation of embryos
is suspended. Experiments attempting to infect Hydrobia ulvae snails by ingestion of Bunocotyle
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Figure 3

White shrimp (Litopenaeus setiferus) in the southeastern United States are increasingly infected with
Hyalophysa lynii, an apostome ciliate that parasitizes penaeid shrimp. The ciliate lives in the gills of its shrimp
host, which triggers an immune response by the host that results in melanized nodules in the gill tissue of
infected shrimp, giving the disease its common name of shrimp black gill. The nodules interfere with oxygen
exchange and reduce physical endurance and escape responses compared with shrimp without nodules
(Frischer et al. 2018). The top shrimp shows heavy melanized gill tissue due to infection; the bottom shrimp
is healthy (or asymptomatic). Photo by Marc Frischer.

progenetica trematode eggs showed that when the water temperature was less than 4°C, the eggs
passed through the snail gut intact, and miracidia did not hatch from them (Galaktionov et al.
20006).

Temperature’s effect to enlarge transmission windows may be particularly influential through
its effect on the hosts of parasites with complex, multihost life cycles. Local definitive host abun-
dance can produce remarkable spatial consistency in infection prevalence in the first intermediate
host populations across multiple host generations (Byers et al. 2016). However, climate change
could readily alter this by changing the distribution patterns of these definitive hosts. For troph-
ically transmitted parasites (like many trematodes), definitive hosts are often not present during
lengthy winter seasons. For example, in the northeastern United States, trematode transmission
to snails in the rocky intertidal zone presumably falls to zero during winter, when definitive bird
hosts have migrated away (Wells 1994, Byers et al. 2015a). Lengthening summer in these higher-
latitude systems may subsequently lengthen the exposure times of hosts to parasites and their
vectors. Enlargement of the transmission window may thus dampen annual cycles of infection
prevalence and intensity, especially by diminishing their typical winter declines. During winter,
although parasite transmission shuts down, parasites often persist inside intermediate hosts. A
portion of infected intermediate hosts die during the cold season, because the pathogenic and
often intensity-dependent effects of parasitic infection make them more vulnerable to adverse en-
vironmental factors (Galaktionov 2016). As a result, the prevalence and intensity of parasites in
intermediate hosts usually dips lowest just at the end of the cold season and peaks in late sum-
mer, after transmission has been in effect for its full seasonal extent (e.g., Pohley 1976, Kube et al.
2002). As winter warms, hosts will likely remain present longer, extending the intactness of the
parasite life cycle and thus reducing the amplitude of annual cycling.
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In sum, physiological mechanisms responsive to increasing temperatures suggest that for par-
asites not killed by rising temperatures, on average their intensity and pathology in infected hosts
may increase. These predicted increases arise because of the deterministic ways in which tem-
perature increases the metabolism of parasites, the oxygen stress on hosts, and the residency and
activity levels of definitive hosts and vectors of parasites, especially at high latitudes.

OTHER CLIMATE CHANGE DRIVERS

Of all the global change variables, temperature is clearly perceived as the biggest driver of biologi-
cal processes, receiving most of the attention. But global change alters more than just temperature,
including covarying factors that also influence disease prevalence and intensity, such as the acidity,
salinity, dissolved oxygen, and species distributions in the ocean (Marcogliese 2016). These four
factors not only covary but also interact with temperature, increasing the difficulty of elucidating
the causal effect of global change variables on parasitism. Here, I address how changes in each are
predicted to influence host—parasite dynamics.

Although not the focus here, it is worth noting that other influential anthropogenic factors that
affect host—parasite dynamics are intensifying over time and thus correlate with climate change
even though they are not directly linked with it, such as human fishing pressure, UV radiation, eu-
trophication, and pollution (Marcogliese & Cone 2001, Lafferty et al. 2004, Lohmus & Bjorklund
2015). For example, elevated ammonium, nitrite, and chlorophyll levels (in addition to tempera-
ture) were suggested to predispose farmed Atlantic salmon to amoebic gill disease (Bermingham
& Mulcahy 2004). In addition, the deteriorating quality and eutrophication of estuarine waters,
combined with higher temperatures, may increase outbreaks of the parasitic dinoflagellate Pfies-
teria sp. (Burkholder & Glasgow 1997).

Oxygen

The most recent and comprehensive analysis of oxygen changes in the global oceans suggests
that there has been an average 2% decline since 1960, mostly through the effects of increased
temperature decreasing the solubility of O, in the ocean, altering ocean circulation, and changing
biotic metabolism (Schmidtko et al. 2017). Because of its strong causal negative covariance with
temperature, dissolved oxygen has already been discussed at length above (see the section titled
Mechanisms of Increased Temperature-Dependent Intensity and Pathology). But it is important
to recognize that oxygen can also be pushed to low levels by factors other than high temperatures.
For example, heavy nutrient inputs in enclosed bays can drive eutrophication. Low wind speed
and water turbulence can reduce water column mixing, which sets up stratification, causing oxygen
depletion at the benthic boundary layer. These low-dissolved-oxygen conditions, even if not driven
by or exacerbated by temperature, can influence disease.

As dissolved oxygen decreases, we might expect heightened disease impacts because hypoxia
depresses immune function, increasing host susceptibility to disease and mortality from bacterial
infections, especially in shrimp and crabs (Le Moullac et al. 1998, Holman et al. 2004, Tanner
et al. 2006, Breitburg et al. 2009). In fish, hypoxia can temporarily reduce bactericidal activity,
antibody levels, and the production of disease-fighting reactive oxygen species (Valenzuela et al.
2005, Welker et al. 2007). Hypoxia can increase papillomatosis tumors in the roach (Rutilus ru-
tilus) (Korkea-aho et al. 2008) and the North Sea dab (Limanda limanda) (Mellergaard & Nielsen
1997) as well as outbreaks of mycobacteriosis in Chesapeake Bay striped bass (Morone saxatilis)
(Vogelbein et al. 1999).

Breitburg et al. (2015) demonstrated that eutrophication in various portions of the Chesapeake
Bay was driving hypoxia that was associated with increased infection rates and intensity of Perkinsus
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marinus infections of oysters. Oysters reduced filtration during intense hypoxia, which should
have decreased their exposure to the waterborne P. marinus. Experiments suggested that negative
effects of hypoxia on the host immune responses were the likely cause of the elevated infections in
oysters exposed to hypoxia (despite their lower parasite exposure). Because there is considerable
spatial variation in the frequency and severity of hypoxia, the authors concluded that hypoxia likely
contributes to landscape-level spatial variation in disease dynamics at the estuary scale.

Salinity

Sea surface salinity in the ocean is driven by the local balance of evaporation and precipitation;
thus, salinity varies spatially, with higher salinities found in the evaporation-dominated midlati-
tudes. The surface waters of these and other saltier regions of the ocean increased in salinity by
4% between 1950 and 2000, a rate expected to increase with rising temperatures (Durack et al.
2012). The effects of sea surface salinity change may be most pronounced biologically in nearshore
regions, where shallower depths permit changes to surface-level salinity to influence a greater por-
tion of the water volume. Nearshore environments are also subject to land-based influences such
as freshwater runoff, which can drive salinity lower.

The dinoflagellate Hematodinium sp. parasitizes the blue crab Callinectes sapidus throughout
estuaries of the Atlantic coast of the United States. Infections in blue crabs have only been reported
from areas where salinity is greater than 11 (Coffey et al. 2012). Experimental exposure of infective
stages from in vitro cultures at salinities less than 15 quickly inactivated them (Coffey et al. 2012).
Thus, it appears that the parasite is incapable of transmission at low salinities, which explains the
lack of natural infections in blue crabs in less saline waters. Furthermore, large catches of blue
crab are positively correlated with high river flow, suggesting that the availability of fresh water
can benefit the health of the crab population (Sheppard et al. 2003). In fact, blue crabs are known
to migrate seasonally up-estuary into fresh water (e.g., Posey et al. 2005), perhaps because this
serves as a refuge from parasites that require high salinity, such as Hematodinium.

In 2002, the blue crab population in Georgia and the associated fishery crashed (Lee & Frischer
2004). In 2003, landings were depressed 80% compared with historic averages (GEPD 2003).
An outbreak of Hematodinium sp. stimulated by increased salinities was thought to be a causal
factor in the declines. In the early 2000s, extensive droughts throughout much of the southeastern
United States increased temperatures and reduced stream inflow and precipitation in estuaries,
greatly boosting their salinity. For example, in 2002 in Georgia, the drought increased the average
salinity in several estuaries to more than 30 (Lee & Frischer 2004). Thus, the blue crab decline
was postulated to be due to severe regional drought that increased coastal salinities, removing the
crabs’ freshwater refuges and allowing Hematodinium to overwhelm the population (GEPD 2003,
Gandy et al. 2011). In 2003, the Georgia fishery was declared a disaster by the National Marine
Fisheries Service due to drought and disease (GEPD 2003).

Hematodinium is not the only parasite that prefers high salinity. The parasitic copepod Lep-
eophtheirus salmonis, commonly known as sea louse, survives poorly if the salinity is less than 29
(Bricknell etal. 2006). Relatedly, high-freshwater-runoft events that cause low-salinity events seem
to decrease sea lice abundance in aquaculture facilities (Callaway et al. 2012). On the Gulf Coast
of Florida, the mud crab Panopeus obesus is infected by the parasitic castrator Loxothylacus panopaei,
a rhizocephalan barnacle. Host crabs collected over multiple months along the salinity gradient of
three estuaries showed that the prevalence of L. panopaei was lower upstream and after freshwater
inflow and seasonal rains. Thus, the parasite prevalence seems to be regulated by spatiotemporal
low-salinity refuges for its host (Tolley et al. 2006). As another example, Cliona celata is a bor-
ing sponge that lives in holes it makes in mollusc shells, damaging and even killing oyster hosts,
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leading to local oyster population demise in areas with heavy infestations (Rosell et al. 1999,
Carroll et al. 2015). C. celata and several of the more damaging boring sponges thrive in higher-
salinity water (Hopkins 1956, Stubler et al. 2017). Even though oysters themselves also thrive in
high-salinity water, they can tolerate lower salinity better than C. celata. Thus, North Carolina has
been advised to restore oyster reefs in brackish areas of estuaries where developing oyster reefs
can avoid Cliona infection and the bioerioson and mortality that it causes (Dunn et al. 2014).

It should be noted that of the above examples, all but Hematodinium are ectoparasites. Moller
(1978) postulated that the high degree of contact of ectoparasites with the water makes them
more susceptible to salinity variation. In fact, the stenohalinity (salt sensitivity) of ectoparasites,
Moller argued, makes them good bioindicators for the migrations of their hosts into waters of
differing salinities. By contrast, endoparasites are often buffered from environmental salinity. In
a fascinating experiment, Moller (1978) held European flounder (Platichthys flesus) for 9 days in
salinity treatments ranging from 0 to 32 and found that the osmolality of the fish’s intestines was
moderate and identical across all salinities. Unsurprisingly, parasites in the fish intestines were
unaffected by changing external water salinities, because the internal salinity of the gut was so
stable. However, Moéller found that the free-living stages of many of those endoparasites could
actually tolerate low salinity very well, including first-stage larvae of the nematode Contracaecum
aduncum, which developed in salinities ranging from 32 down to 0, and the trematode Cryprocotyle
lingua, which was infective at salinities down to 4. He also measured high survivorship of larvae
of Anisakis nematodes from herring (Clupea barengus), held for more than 6 months across a full
range of salinity treatments, including 0.

Thus, a balanced picture suggests that many marine endoparasites (but not all—e.g., Hema-
todinium) may be buffered from salinity variation. On the other hand, ectoparasites are highly
exposed and may be more sensitive than their hosts, perhaps because their high surface-area-to-
volume ratios stemming from their small size (relative to the host) increase the cost of osmoreg-
ulation. Even within these general rules, there are many examples of parasite species responding
idiosyncratically based on their own salinity optima. For example, Koprivnikar et al. (2010) found
that free-living stages of one trematode species in the California horn snail (Cerithidea californica)
did best at very high salinities (40), while another preferred far lower salinities. Blanar et al. (2011)
examined helminth and arthropod parasite communities in an estuarine fish host (Fundualus bete-
roclitus) across a strong salinity gradient at opposite ends of two tidal coastal rivers. The opposite
ends of each had distinctly different parasite communities, and richness was lower at the higher-
salinity ends. These findings suggest that different parasite species respond differently to salinity
changes.

Acidification

Due to increasing concentrations of atmospheric CO,, the pH of the ocean is expected to decrease
0.3-0.5 pH units by 2100, along with a concomitant drop in carbonate saturation states (IPCC
2007, Callaway et al. 2012). The most vulnerable organisms are thought to be species heavily de-
pendent on calcification, such as coral, molluscs, and coccolithophores, principally through their
diminished ability to produce and maintain calcium carbonate structures under declining ocean
carbonate ion concentrations (Callaway et al. 2012). OA has been recognized as an issue of con-
servation concern since the early 2000s (Doney et al. 2009). Many experiments on single species
followed (for a review, see Kroeker et al. 2013) and gradually led to examination of the effects of
OA on ecological processes and interactions, such as predation and competition (Kroeker et al.
2014, Gaylord et al. 2015). Parasitism, however, has largely been neglected in these examinations.
There seem to be fewer than two dozen publications on the influence of OA on parasites, and only
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half of those are research articles. The majority come from only two research laboratories and fo-
cus on trematode parasites interacting with host snails (e.g., Harland et al. 2015, 2016; MacLeod
& Poulin 2015; Guilloteau et al. 2016).

OA could influence parasitism by directly affecting parasites, especially the free-living transmis-
sive stages, or could do so indirectly by stressing hosts and thereby altering their susceptibility to
parasites (MacLeod 2017). In terms of direct effects, parasites exposed to OA would be challenged
by similar problems as all organisms, namely decreased abilities to regulate ions and conduct cal-
cification. In most of the few experimental studies that have been done, exposure to high-CO,
seawater reduced the survival of free-living trematode cercariae and external metacercarial cysts
(Harland et al. 2015, MacLeod & Poulin 2015, Guilloteau et al. 2016). However, some studies
have shown mixed (Leiva et al. 2019) or relatively limited (Koprivnikar et al. 2010) responses of
trematode cercaraie to lower pH. As with salinity, endoparasites may be better buffered from pH
by having less direct contact with the environment. Only when the environmental pH has dropped
low enough to affect the internal fluids of the host, presumably by overwhelming its ion regulatory
abilities (Reipschlager & Portner 1996), would we expect the endoparasite to be directly exposed
to a more acidic environment (MacLeod 2017).

In fact, the effects of OA stressing hosts and altering their susceptibility to parasites make the
indirect effects of OA on parasitism more complicated to ascertain. For example, despite many
direct negative effects of lower pH on trematodes, net transmission of trematodes to the second
intermediate host in one of the above-mentioned studies was highest at the lowest tested pH
(Harland et al. 2015). Harland et al. (2016) explained this seemingly counterintuitive pattern in a
follow-up study that showed experimentally that lower pH produces different host and parasite re-
sponses that somewhat, but not completely, offset one another. That is, despite the high mortality
of the transmitting cercarial stage of the trematode under low-pH conditions (MacLeod & Poulin
2015), the amphipod hosts were still more infected at lower pH because the susceptibility of am-
phipods increased sufficiently at low pH to outweigh the reduced life span of infective cercariae.
Other studies also showed this pattern, where stress to the host from low pH seems to outweigh
stress to the parasite. For example, Guilloteau et al. (2016) quantified higher reproductive output
of the trematodes (Parorchis sp. and Philophthalmus sp.) when their host snail species were exposed
to high-CO; (low-pH) seawater. Magalhies et al. (2018) experimentally found that low pH led to
biochemical alterations in cockles that were linked to increases in trematode infections. McLean
et al. (2018) found that lobsters held in elevated-CO; treatments for 3—4 months were more sus-
ceptible to shell disease. Multiple studies have shown that the immune systems of host organisms
are compromised or suppressed under lower-pH conditions (e.g., Bibby et al. 2008, Ellis et al.
2015).

The effects of OA on parasitism may also exhibit reverse causality, i.e., with parasites alter-
ing the sensitivity of the host to OA. MacLeod & Poulin (2016b) demonstrated that trematode-
infected and uninfected host snails exhibited different tissue glucose concentrations when exposed
to pH treatments. Another study by MacLeod & Poulin (2016a) found that snail survival was re-
duced by low pH, but only in uninfected host snails. That is, the snails were sensitive to pH, but
parasitic infection reduced the pH-related mortality of infected individuals relative to uninfected
conspecifics.

Host and Parasite Distributional Shifts and Translocations

Climate change is altering distributions of hosts and parasites, affecting the incidence and dy-
namics of parasites in host populations (Dobson & Carper 1992, Marcogliese 2008). Above (see
the section titled Mechanisms of Increased Temperature-Dependent Intensity and Pathology), I
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primarily discussed the role of increasing temperatures to alter temporal or seasonal distributions
of hosts in complex, multihost life cycles, which enlarges the transmission windows and subsequent
intensity of parasites. Here, I focus on spatial distributional shifts, including those that result from
multiple influences of global change, emphasizing the shifts that put host and parasite species in
contact with novel communities.

Distributional shifts may result from an extension or shift in the parasite’s range (Harvell et al.
2002) or their hosts’ range (Phillips et al. 2010, Cizauskas et al. 2017). Unless a parasite is able to
change host species, as is usually possible only for generalist parasites, the majority of parasites will
be dependent on the presence of specific host species. Thus, it seems logical that parasite distri-
butional shifts would often lag behind those of the host (Phillips et al. 2010, Carlson et al. 2017).
Hopper et al. (2014) found that a marine snail that had expanded its range substantially northward
along the California coast experienced a reduced prevalence of infection and had only 14% of the
parasite species richness in the new portion of its range compared with its historical range. How-
ever, given sufficient time, parasites can spread to find the hosts in the range-expanding areas. For
example, on the US East Coast, the oyster parasites Perkinsus marinus and Haplosporidium nelsoni
now appear much farther north, thanks to warming temperatures that have enabled their spread
to previously uninfected oyster populations (Ford 1996, Hofmann et al. 2001). Cohen etal. (2018)
modeled how rising temperatures will affect polar sea ice extent, which in turn influences marine
mammal distributions. Their modeling suggested greatly increased abundance and aggregations
of seals, leading to a subsequent spike in the pinniped disease brucellosis, with a high possibility
of spillover of this generalist bacteria disease to other hosts.

The most extreme range shifts are translocations that occur with the aid of human transport,
both intentional and unintentional. Human transport of species is also accelerating with increasing
globalization (Ruiz & Carlton 2003), and the rate of nonindigenous species (NIS) introductions
continues to increase in marine environments (Cohen & Carlton 1998, Byers et al. 2015b). NIS
can expose hosts to new parasites, which results either from native hosts transmitting parasites
to NIS or from NIS bringing new parasites with them from their native ranges (e.g., Torchin
et al. 2003, Paterson et al. 2012, Blakeslee et al. 2013). Movement of species for aquaculture has
resulted in accidental parasite introductions, despite close monitoring (Ford 1996, Birkbeck et al.
2011, Krkosek 2017).

Climate change is expected to influence many aspects of NIS (Hellmann et al. 2008). Specif-
ically, rising temperatures are expected to change the modes of introduction of NIS, routes and
rates of introduction, and the probabilities and intensity of their post-introduction processes (es-
tablishment, spread, and impact) (Hellmann et al. 2008). Thus, we can expect temperatures to
alter nonindigenous host and parasite distributions, perhaps quite substantially, with large rami-
fying effects on their interactions. In fact, in an analysis of viruses, Zell et al. (2008) found that the
emergence of new diseases was linked not to global warming but to the translocation of pathogen-
infected vectors or hosts. This finding suggests that temperature’s largest effect on disease is not
direct but rather indirect, occurring through alterations of host and parasite distributions, which
control rates of exposure and transmission to new species.

Several marine examples demonstrate that translocation can alter parasite distributions, with
climate variables affecting the aftermath. One prominent NIS parasite whose temperature-
dependent effects have been well studied was discussed above (see the section titled Tempera-
ture Sensitivity and Thermal Performance Curves). Specifically, Loxothylacus panopaei, the rhizo-
cephalan barnacle that parasitizes mud crabs on the US East Coast, was introduced from the US
Gulf Coast in the 1960s (Van Engel et al. 1966, Kruse & Hare 2007). It is more prevalent and
widely distributed in its invasive range compared with its native range (Hines et al. 1997, Kruse
& Hare 2007). However, high temperatures in the future are predicted to negatively affect the
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parasite more than its crab host, possibly driving the parasite extinct in parts of its introduced
range (Gehman et al. 2018). Another NIS parasite with documented temperature-dependent im-
pacts in its transplanted range is Cryptocoryle lingua, the numerically dominant trematode infecting
the intertidal snail Littorina littorea in northeastern North America, where both the snail and the
parasite are NIS (Blakeslee et al. 2008). The trematode accounts for more than 90% of all in-
fections in L. /ittorea and also infects two native congeneric Littorina species, in which it is the
second-most-prevalent trematode species (Blakeslee & Byers 2008, Byers et al. 2008). Temper-
ature interacts with C. /ingua infection to influence the grazing rate of its snail host (Larsen &
Mouritsen 2009). This interaction is discussed in further detail in the following section.

INFLUENCES FROM AND ON THE WIDER
ECOLOGICAL COMMUNITY

Justas we need to think broadly about climate-related drivers of host-parasite dynamics, we should
also broaden our examination of responses beyond the host—parasite pair. An important response
to consider is how far temperature effects on a host and its parasite ramify through a community.
In some cases, responses may be pronounced if the community feeds back to affect the host—
parasite interaction itself. Influences from and on the community may be difficult to predict a
priori because more species are interacting than just the host and parasite. For example, although
temperature often increases parasite production, it might also increase the feeding rates of or-
ganisms preying on infective parasite stages in the water column as they are released (Thieltges
et al. 2008, Goedknegt et al. 2015). Thus, community interactions can be highly influential, off-
setting or amplifying outcomes of the pairwise interaction between host and parasite. Soberingly,
this suggests that predictions stemming from TPCs of a host and parasite, which are most often
measured in isolation, need to be evaluated thoughtfully, since potentially influential community
interactions are excluded.

Parasites can account for a substantial portion of biomass in marine systems (Kuris et al. 2008)
and up to 78% of food web linkages (Lafferty et al. 2006), highlighting their connectedness within
systems. In fact, their connectedness is what has led to the promotion of parasites as sensitive in-
dicators of ecosystem change (Huspeni & Lafferty 2004, Byers et al. 2011, Altman & Byers 2014).
Mechanistically, parasites’ sensitivity stems from the fact that as numerically prominent, embed-
ded members of communities, their abundance is often affected by direct and indirect biological
interactions of the larger community (Marcogliese 2008, Gehman & Byers 2017). An example
of the community influence on host—parasite dynamics is the dilution effect, which results when
a high proportion of incompetent disease hosts deflect infection from competent hosts, thereby
reducing disease transmission (Schmidt & Ostfeld 2001, Civitello et al. 2015). Any effect of cli-
mate change that affects biodiversity patterns in a community has the potential to accentuate or
diminish the dilution effect. Although well researched in terrestrial and some freshwater systems,
the dilution effect has far fewer marine examples (e.g., Thieltges et al. 2008, Kritsky et al. 2011,
Samsing et al. 2014, Welsh et al. 2014).

The dilution effect is only one example of a community-level interaction. Other, simpler
temperature-sensitive biotic interactions that affect host—parasite dynamics might occur more
commonly; some are supported in the marine literature. For example, temperature-sensitive sec-
ondary effects of parasites arise when parasites interact with other species in the community to
generate indirect effects, intensifying effects on the host or affecting the larger ecological com-
munity. In a multispecies community context, indirect or secondary effects mean that a parasite
can have lethal effects on its host without directly killing it. For example, black gill disease, de-
scribed above (see the section titled Mechanisms of Increased Temperature-Dependent Intensity
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Figure 4

Comparison of predation rates of asymptomatic shrimp and shrimp symptomatic with the ciliate parasite
Hyalophysa lynii. The predator species evaluated were red drum (Scizenops ocellatus), spotted seatrout
(Cynoscion nebulosus), and blue crab (Callinectes sapidus). Each point represents the predation rate calculated for
each predator species within a single mesocosm stocked with the same initial densities of asymptomatic and
symptomatic shrimp and conducted over a 4-h trial period. The dashed line represents the 1:1 line that
indicates equal consumption of both types of shrimp. Figure adapted with permission from Gooding et al.
(2020); copyright 2020 Elsevier.

and Pathology), compromises respiration of the infected shrimp host. When an infected shrimp is
resting, its oxygen demand is low enough that it can readily survive. However, rising temperatures
decrease oxygen levels, making the already hard job of oxygen extraction even harder. Further-
more, when infected shrimp are made to exert themselves in simulated predation trials, they tire
more quickly and exhibit fewer escape behaviors (Frischer et al. 2018).

Gooding et al. (2020) probed this system further to examine the net effect of these isolated,
individual physiological responses to disease in a realistic, multispecies context. They exposed
symptomatic shrimp with black gill disease and asymptomatic shrimp to three different fish and
crab predator species in a prey-choice mesocosm experiment at high summer water temperatures.
The predators preferred the infected symptomatic shrimp 1.4-3 times more than asymptomatic
shrimp (Gooding et al. 2020) (Figure 4). Thus, the parasite compromised the host’s physiology,
but this had limited consequences until the shrimp were embedded in a community setting (i.e.,
with predators) at a warm temperature. Although this idea has not been tested, the warm water
temperature is probably key to driving the observed predation differential between symptomatic
and asymptomatic shrimp hosts because warmer temperatures increase predator metabolism and
oxygen stress on infected shrimp hosts. The predation differential also underscores the dramatic
influence that secondary effects of parasites, manifested through community-level interactions,
can have on host—parasite interactions. In fact, one of the largest effects of a parasite may be its
enhancement of its host’s vulnerability to predators—an effect that would not be seen unless the
host—parasite relationship is examined in a multispecies context.
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The shrimp black gill example illustrates the feedback of the community on a host—parasite
interaction, but these effects can also go the other direction, with the host and parasite affecting
the community. On the northeastern coast of the United States, the intertidal snail Littorina lit-
torea, which is the dominant herbivore in the system, ate 30% less algae when parasitized with the
trematode Cryptocotyle lingua (Wood et al. 2007). As a consequence of their altered grazing, popu-
lations of infected snails in a field experiment created different algal communities compared with
uninfected populations (Wood et al. 2007). In this same snail host, Larsen & Mouritsen (2009)
experimentally demonstrated that temperature interacted with trematode infection to affect the
rate of algal consumption by the snail host. Specifically, although parasite infection decreased a
snail’s grazing rate, temperature worked to increase it, both by increasing the snail’s metabolism
and by increasing the energy demands placed on the host by the parasite. Thus, temperature posi-
tively affected consumption by snails, but particularly did so for trematode-infected hosts. Higher
temperatures therefore neutralized the negative impact that trematodes otherwise have on snail
consumption. The temperature levels used were relevant because infected snails consumed less
than uninfected ones at 18°C but consumed equal amounts at 21°C. Therefore, the interaction
between parasitism and a realistic temperature increase that is in line with expected global warm-
ing within this century (3°C), may counteract the presently negative impact of trematodes on snail
consumption.

Effects of parasites on communities may be particularly large if the parasites affect prominent
consumers or habitat-forming species and ecosystem engineers because of these species’ funda-
mental role in community structure (Byers et al. 2006, Hastings et al. 2007). For example, reef-
building coral and oysters are ecosystem-engineering hosts that are increasingly succumbing to
disease as temperature rises (as discussed above) and whose decreases will likely cascade strongly to
affect the communities for which they play a critical role provisioning habitat (Bruno et al. 2007).
As another example, unusually high water temperature (26°C) in the Wadden Sea in May 1990
stimulated a spike in trematode cercariae production in infected snails (Hydrobia ulvae), resulting
in metacercarial hyperinfection of the second intermediate amphipod host (Corophium volutator)
(Jensen & Mouritsen 1992, Mouritsen & Jensen 1997). Mass mortality of the amphipod popula-
tion followed. Because the normally abundant amphipods are ecosystem engineers that build tubes
from sand that stabilize the sediment, their absence resulted in substrate erosion and changes to
the productivity and structure of benthic communities, including the loss of several macrofaunal
groups (Mouritsen et al. 1998, Mouritsen & Poulin 2002). Mouritsen et al. (2005), based on their
population model of this system, predicted that crashes of C. volutator will occur any time the
monthly mean temperature rises 4°C above average. With predictions of increases in the air tem-
perature of up to 6°C in the Wadden Sea area over the next 50 years (Christensen et al. 1998), it
seems likely that parasite-induced crashes of this keystone species will occur frequently (Mouritsen
et al. 2005).

CONCLUSIONS

The responses of parasites and their hosts to climate change will vary due to the tolerances of
the species involved, and possibly even the genotypes involved (Berkhout et al. 2014). However,
increasing observational and experimental attention to this issue has enabled insight into possible
generalities in expected responses, as well as into useful study approaches. One promising univer-
sal approach to examine the response of a host—parasite system to increasing temperature is the
construction of TPCs for the host and parasite, along with the resultant modeling they empower.
These curves enable rough comparison of the relative effects of temperature on host and parasite
vital rates. However, because TPCs are parameterized in isolated experiments or measurements,
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it is important to temper their results in some instances. For example, they do not often incorpo-
rate transmission dynamics, which are a critically important parameter that is often temperature
dependent; sometimes these unmeasured parameters may act in opposing directions to the mea-
sured ones. For instance, increased temperature might reduce survivorship of infected hosts, but
harming the host might in turn decrease parasite transmission (Lafferty & Holt 2003). Also, tem-
perature variation (as opposed to the mean) may strongly influence infection patterns, an aspect
that requires more experimental attention (Ben-Horin et al. 2013).

For parasites that do not overshoot their thermal optima (which TPCs help us determine), we
might expect increased intensity and pathology. Because almost all marine parasites and diseases
and their hosts (except marine mammals and seabirds) are ectothermic, higher temperatures will
lead to increased metabolism, meaning parasites feed faster and more heavily on their hosts. In
addition, higher temperatures reduce dissolved oxygen levels, increasing oxygen stress and the
resultant susceptibility in hosts, and increase transmission windows because hosts in high latitudes
and in multihost parasite life cycles prolong their seasonal residency and activity.

As we progress in our understanding of marine parasites under climate change, it is important
to broaden our studies in two ways. First, we should bolster studies that examine how host—parasite
dynamics are influenced by other climate change variables, such as increased ocean acidity, lower
dissolved oxygen, altered salinity, and altered species geographic distributions. These variables
can strongly influence hosts and parasites, and they often act both independently and interactively
with temperature. Second, we should examine host—parasite responses from a broader community
perspective. With this broadened perspective, we can capture effects that manifest only in the pres-
ence of other species, such as those that involve indirect and secondary effects. In some cases, not
only does the community feed back to affect the host—parasite interaction via indirect interactions,
but the community itself can be affected by climate-induced changes to the host—parasite inter-
action. These cases underscore that parasites are integrated constituents of ecological systems. To
build predictive capacity of host—parasite dynamics, we need to continue to examine the effects
of climate change not only on differential tolerances of hosts and parasites but also on broader
interactions of parasites within their communities and ecosystems.
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