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Host–parasite systems have intricately coupled life cycles, but each
interactor can respond differently to changes in environmental
variables like temperature. Although vital to predicting how par-
asitism will respond to climate change, thermal responses of both
host and parasite in key traits affecting infection dynamics have
rarely been quantified. Through temperature-controlled experi-
ments on an ectothermic host–parasite system, we demonstrate
an offset in the thermal optima for survival of infected and un-
infected hosts and parasite production. We combine experimen-
tally derived thermal performance curves with field data on
seasonal host abundance and parasite prevalence to parameterize
an epidemiological model and forecast the dynamical responses to
plausible future climate-warming scenarios. In warming scenarios
within the coastal southeastern United States, the model predicts
sharp declines in parasite prevalence, with local parasite extinction
occurring with as little as 2 °C warming. The northern portion of
the parasite’s current range could experience local increases in
transmission, but assuming no thermal adaptation of the parasite,
we find no evidence that the parasite will expand its range north-
ward under warming. This work exemplifies that some host pop-
ulations may experience reduced parasitism in a warming world
and highlights the need to measure host and parasite thermal
performance to predict infection responses to climate change.
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Individuals respond physiologically to environmental change,
and these responses can profoundly influence population dy-

namics and species interactions (1). Quantifying sensitivity to the
environment in traits of hosts and their parasites is particularly
important because it may alter the spread and transmission of
infectious diseases, including those of public health concern.
Warming in temperate regions is predicted to increase the dis-
tribution and activity of ectothermic vectors of human patho-
gens, which, coupled with an increase in vector and parasite
development rates, might result in higher transmission potential
(2, 3). Alternatively, for regions where high temperatures cause
vectors to suffer higher mortality rates (4), warming could reduce
transmission potential (5). Further, recent niche modeling sug-
gests that climate change could lead many parasite species to
extinction (6). A mechanistic understanding of how environ-
mental change will influence hosts and their parasites is vital for
predicting infection outcomes (7, 8).
To evaluate temperature effects on species interactions requires

integrating across multiple organismal responses (4). Temperature
can differentially influence parasite and host performance pro-
cesses, such as reproduction and survival, complicating predictions
of the net effect of warming on species interactions (9). For ex-
ample, greater parasite reproduction with temperature may not
change parasite dynamics if increased temperature also enhances
parasite-induced mortality within the host (10). Empirical data are
limited, even in human disease systems, with physiological re-
sponse estimates often combined from multiple species, or from
spatially distinct regions (2, 4). A comprehensive analysis of the
effects of temperature on multiple stages of infection within a
single host–parasite system has not yet been accomplished.

Ectothermic host–parasite interactions provide tractable sys-
tems to evaluate temperature effects on species interactions.
Ectotherms are dependent on external sources of heat, and en-
vironmental temperature is one of the most important factors
affecting their performance, with many physiological and be-
havioral attributes sensitive to temperature (11, 12). Differences
in thermal performance optima and thresholds of physiological
responses between host and parasite could lead to altered out-
comes of their interactions as thermal regimes shift. In particu-
lar, parasites could place physiological demands on their hosts
that alter host thermal performance relative to uninfected indi-
viduals, which could impact how key transmission processes re-
spond to increased temperature. Empirical evidence to explore
temperature effects on hosts and parasites is crucially needed to
predict population dynamic responses to warming (7, 8).
We test the prediction that parasite and host traits have dif-

ferent thermal performance curves and quantitatively evaluate
how differences in thermal performance affect predictions of
climate warming on disease dynamics. We focus on an ecto-
thermic host–parasite system that exhibits pronounced seasonal
variation in infection prevalence (13) and whose biogeographic
spread might be limited by high summer temperatures (14).
Eurypanopeus depressus is an abundant oyster reef-dwelling crab
that is infected with a nonnative rhizocephalan parasite, Lox-
othylacus panopaei. As an ectotherm, E. depressus body tem-
perature can be expected to conform to the surrounding water
temperature. Parasites are transmitted via production of a short-
lived free-living stage that recruits to uninfected hosts (detailed
lifecycle in SI Appendix, Materials and Methods and Fig. S1).
There are two distinct stages of L. panopaei infection: exposed
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Fig. 1. (A) A model schematic for L. panopaei transmission in E. depressus. Susceptible hosts, S, are recruited at a constant weekly rate, Δ, during the re-
cruitment period (of duration, d, and timing, p; details in SI Appendix, Materials and Methods) and die at per capita rate μs (= 1/expected lifespan). Susceptible
hosts become parasitized at per capita rate βSI, where the transmission rate, β, is an agglomerate parameter assumed proportional to larval parasite pro-
duction, P(T) (SI Appendix, Materials and Methods), 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 τ. Exposed and infectious hosts have respective mortality rates μE and μI. Model
parameters labeled in color are temperature-dependent and are parameterized based on thermal performance curves fit to experimental measurements of
(B) parasite reproduction (lifetime reproduction, lxmx) and host survival for each infection status: (C) susceptible, (D) exposed, and (E) infected (SI Appendix,
Materials and Methods). (F) Thermal performance range (lines) and optima (points) for susceptible, exposed, and infected survival and parasite reproduction
calculated from controlled laboratory experiments (B–E).
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hosts, which are infected with nonreproductive parasite stages
that develop internally, and infected hosts, in which the parasite
is reproductive and releasing infective stages (SI Appendix, Fig. S1
E andH, respectively). In Savannah, Georgia, toward the southern
end of the host’s and parasite’s range (SI Appendix, Fig. S16), we
conducted laboratory experiments in which we subjected un-
infected hosts (susceptible) and the two stages of parasite-infected
hosts (exposed and infected) to temperature treatments encom-
passing the annual temperature range of coastal Georgia (SI Ap-
pendix, Materials and Methods). These were used to parameterize
thermal performance curves for expected host lifespan by in-
fection status and parasite production, yielding estimates of the
thermal optima (Topt) and the thermal range (thermal minimum =
Tmin; thermal maximum = Tmax) for which the trait exceeded zero.
Survival of susceptible hosts was nonlinearly related to tem-

perature, with Tmin = 3.14 °C, Tmax = 34.80 °C, and Topt ≈ 18.26 °C
(Fig. 1 C and F and SI Appendix, Table S2). Parasitized hosts had a
substantially lower Topt for survival, whether the parasite was ac-
tively reproductive or not (infected Topt = 8.83 °C and exposed
Topt = 10.24 °C; Fig. 1 D–F and SI Appendix, Table S2). Hosts with
active parasite reproduction (infected) had a lower lethal maxi-
mum temperature than uninfected crabs (Tmax = 32.10 °C; Fig. 1 E
and F). Parasite reproduction was optimized at temperatures
closer to the optimal survival temperature of uninfected than in-
fected hosts (Topt ≈ 15.90 °C) and had a more restricted thermal
range (Tmin = 9.88 °C and Tmax = 30.75 °C; Fig. 1 B and F and SI
Appendix, Table S2). Together, the parasitized hosts had optimal
performance at lower temperatures than that of the uninfected
hosts. The offset in Topt of 8–10 °C between uninfected and in-
fected host survival reveals that parasite infection can drive a
sizable change in host thermal performance, thus causing a mis-
match in the thermal performance optima and breadth of the vital
rates of parasite versus host (Fig. 1).
We investigated the ecological consequences of seasonal mis-

match in thermal performance for host and parasite by developing
a compartmental model of host infection (15), where parasite
transmission and host survival are temperature-dependent (Fig.
1). The model describes local disease dynamics in an E. depressus
population on an oyster reef within an estuary and therefore as-
sumes open host recruitment and closed parasite recruitment (SI
Appendix, Materials and Methods and ref. 16). Thermal perfor-
mance curves (Fig. 1) were used to parameterize how host mor-
tality and parasite production depended on weekly mean
temperatures. To describe the thermal environment of the host
and parasite we calculated mean weekly temperatures from a
mooring that is part of the Georgia Coastal Ecosystems Long
Term Ecological Research program (GCE-LTER) that measured
temperature at a depth of ∼1 m, the approximate depth of water
found over an oyster reef in Georgia (17–21), and thus the thermal
environment experienced by E. depressus and L. panopaei.
Temperature is also likely to influence the performance of free-

living larval stages of the host and parasite (i.e., decrease survivorship
and alter infectivity), as well as the internal development rate of
parasites within hosts; however, we did not measure larval perfor-
mance in our experiment, and a lack of published estimates on how
rhizocephalan larvae respond to temperature means that we have no
information on thermal performance of these stages in our system.
Consequently, we assumed that the parasite development rate (τ),
life span (1=μW), infectivity (λf), and the weekly host recruitment
rate (Δ), together with its seasonal duration (d) and timing (p), were
constant. This means that infection dynamics are likely to be even
more sensitive to temperature than our model predicts. In particular,
our model likely overestimates the true temperature range for which
transmission is possible, making our results conservative. The weekly
host recruitment rate was estimated from the literature (22), and the
remaining four parameters (d, p, b, and τ) were chosen to give good
quantitative agreement between model output and field data on
seasonal host infection prevalence and subject to extensive sensitivity
analyses (SI Appendix, Materials and Methods).
The model dynamics rapidly converge on an annually repeating

seasonal cycle of infection prevalence (SI Appendix, Fig. S10),

characterized by an increase in the winter and early spring and
followed by a decrease in late spring and early summer (Fig. 2A).
Peak prevalence is coincident with decreasing susceptible and
exposed populations and rising infected populations (Fig. 2). The
decrease in prevalence in the summer is driven by a combination
of decreased parasite transmission (SI Appendix, Fig. S6C) and
greater infected host mortality (SI Appendix, Fig. S6E) with the
seasonal increase in temperature (SI Appendix, Fig. S6A). The
maintenance of low infection prevalence over several months in
the fall is due in large part to an influx of new host recruits to the
susceptible class (Fig. 2). Qualitatively, our fitted model is able to
recapture the seasonal pattern of field measurements of infection
prevalence that increase in the spring and decrease sharply in the
early summer, correlated with temperatures reaching above 25 °C
(13). Since the parasite is castrating, we ran a variant of the model
where the decoupled, external recruitment of hosts was instead
reduced proportional to infection prevalence, assuming that all
reefs within an estuary experience similar epidemics (SI Appendix,
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Fig. 2. (A) Epidemiological model output predicting seasonal changes in
L. panopaei infection prevalence in E. depressus (black line) based on tempera-
ture-dependent parameters [μS, μE, μI, and β = bP(T); Fig. 1] updated weekly using
historic mean weekly temperatures from 2011 to 2014 at the GCE-LTER mooring
(Fig. 3A). Model parameters not measured or estimable from published literature
(p, d, b, and τ; SI Appendix, Materials and Methods ) were tuned to match peak
infection prevalence and its timing (SI Appendix, Materials and Methods ); the
sensitivity of model output to the parameterization is illustrated as the enve-
lope of maximum and minimum prevalence when all tuned parameters are
covaried by ±10% (gray dashed lines). The model prediction of seasonal in-
fection prevalence is overlaid above empirical measurements of L. panopaei
prevalence from Romerly Marsh, Savannah, Georgia, from 2010 to 2014 (blue
dot). (B) Model output of susceptible (green), exposed (purple), infected
(orange), and total host abundance (black) for an average reef in Savannah,
Georgia, through the annual cycle (SI Appendix, Materials and Methods).
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Materials and Methods). This resulted in lower host abundance and
infection prevalence, but no difference in the seasonal pattern of
infection (SI Appendix, Fig. S12).
To evaluate how robust the prediction of seasonality in prev-

alence was to the choice of the four parameters fit to the field
prevalence data (duration and timing of host recruitment, para-
site development rate, and colonization probability), we conducted
both qualitative and quantitative sensitivity analyses (SI Appendix,
Materials and Methods). Independently varying and covarying the
fitted parameters over biologically plausible ranges maintained the
qualitative pattern of a single peak in prevalence in the spring or
summer (Fig. 2 and SI Appendix, Figs. S7 and S8). Peak and mean
prevalence, but not minimum prevalence, increased with parasite
colonization probability (b; SI Appendix, Fig. S9B) and only weakly
depended on the seasonal pattern of host recruitment, p and d (SI
Appendix, Fig. S9A) and parasite development rate, τ (SI Appendix,
Fig. S8F). The timing of the seasonal peak in prevalence was most
strongly influenced by the combination of timing and duration of
host recruitment (SI Appendix, Fig. S8B). We quantified the relative
sensitivity of peak prevalence to these parameters by independently
varying them around their fitted values and recording the range
over which the timing and magnitude of peak prevalence remained
close to those of the best-fit model (i.e., within ±20% peak

prevalence and timing of peak prevalence between weeks 17 and
25). Peak prevalence and its timing were relatively insensitive to
variations in the timing of host recruitment (from −66 to +130%
of its fitted value) and parasite colonization (from −50 to +140%)
and somewhat more sensitive to variations in the duration of re-
cruitment (from −25 to +30%) and parasite development
rate (from −16 to +4%; SI Appendix, Table S4). Together,
these sensitivity analyses support our assumption that our experi-
mentally measured thermal performance traits drive the observed
seasonal patterns in infection prevalence and therefore that relaxing
our simplifying assumptions of temperature-independent host re-
cruitment, parasite internal development, and colonization would
be unlikely to change the qualitative patterns in model output.
To evaluate potential effects of climate change on host–parasite

interactions in ectothermic hosts within coastal Georgia, we ran
the model for two scenarios where the seasonal GCE ambient
temperature was raised by a fixed amount of +1 and +2 °C (23).
After initial transient dynamics, the model settled into an annually
repeating cycle. Seasonal peaks in parasite prevalence within an
oyster reef persisted with reduced amplitude under the ambient
+1 °C warming scenario, but the parasite was locally extirpated at
ambient +2 °C (Fig. 3C). Mechanistically, parasite extirpation is
driven by a warming-induced increase in infected host mortality
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Fig. 3. (A) Temperatures used to drive seasonality in the host–parasite model, with the mean weekly water temperature from the GCE-LTER mooring averaged
weekly from 2011 to 2014 (ambient; peach) and two warming scenarios, ambient +1 °C (orange) and ambient +2 °C (red). (B) Ambient temperature (peach) and
temperature increase based on actual measured historical temperature change in the southeast from 1970 to 2008 (24), with the measured increase of ambient
+0.89 °C applied uniformly throughout the year (pink) andwith amore realistic increase that averaged +0.89 °C but varied across seasons; winter = ambient +1.5 °C,
spring = ambient +0.67 °C, summer = ambient +0.89 °C, and fall = ambient +0.61 °C (ambient + Seas °C, where Seas indicates seasonal intraannual temperature
variation applied; purple). (C–F) Model outputs across all temperature scenarios for infection prevalence (C and D) and total host abundance (E and F).
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(SI Appendix, Fig. S6E) and concomitant decrease in parasite
transmission (SI Appendix, Fig. S6C). If parasite castration limits
local host recruitment, warming is more likely to lead to parasite
extirpation (i.e., parasite extinction occurred after 1 °C warming,
SI Appendix, Materials and Methods and Fig. S12). Combining
temperature-dependent traits and seasonal host abundance into
an expression for the weekly effective reproductive number of the
parasite (SI Appendix, Materials and Methods) revealed that par-
asite invasion potential peaks in late fall and winter following the
fall host recruitment pulse and drops below the threshold value of
one in the summer months (SI Appendix, Fig. S14). To synthesize
the combined effects of temperature on parasite transmission
potential independent of seasonal host recruitment, we derived an
expression for the temperature-dependent components of the
parasite basic reproductive number, R0 (SI Appendix, Materials
and Methods and Eq. S19). This expression shows a similar right-
skewed response to temperature as do the measured experimental
parameters (exposed and infected host survival and parasite pro-
duction; Fig. 1 B, D, and E and SI Appendix, Fig. S13).
In the southeastern United States, the increase in temperature as

a result of climate change is more pronounced in winter months
(24), and this uneven seasonal increase is expected to persist into the
future (23). Thus, to explore the effects of a more realistic, seasonally
varying temperature change, we applied the actual historical change
in temperature in the southeast from 1970 to 2008 (24). We used the
change over this time period as the expected temperature increase
going forward and modeled the effects of this empirically measured,
seasonally variable temperature change (winter = ambient +1.5 °C,
spring = ambient +0.67 °C, summer = ambient +0.89 °C, and fall =
ambient +0.61 °C; Fig. 3B), as well as the mean annual temperature
change applied uniformly across the year (ambient +0.89 °C; Fig.
3B) over the same time period on host–parasite dynamics (24). The
seasonally dependent temperature-change model predicted slightly
higher maximum infection prevalence (33.7%) than the mean
temperature-change model (31.4%). However, maximum preva-
lence under both warming scenarios was lower than under present-
day (ambient) temperatures (Fig. 3D). The slightly higher infection
prevalence predicted by the seasonally dependent temperature
change is likely driven by the winter increase in temperature. During
the winter months, ambient temperatures can be below the re-
production thermal optima of the parasite, so that an increase in
temperature in winter has a positive effect on parasite reproduction
(SI Appendix, Fig. S6D).
To investigate the effect of current and future temperatures on

parasite dynamics and persistence in the coastal southeastern
United States, we repeated our analyses using temperature data
from sites ∼150 km to the north (Ace Basin, South Carolina) and
south (St. Augustine, Florida) of our study site (Table S5; data
from the National Estuarine Research Reserve System, cdmo.
baruch.sc.edu/). At all sites, the model predicts that infection
prevalence will decline under both 1° and 2 °C warming scenarios
(Fig. 4). At the southern site, current and future warming preva-
lence was always lower than in Georgia, with parasite extinction
occurring with 2 °C warming, suggesting that climate warming
threatens the parasite throughout the southern edge of its range.
However, at the South Carolina site, current infection prevalence
was higher, and simulated temperature increases resulted in less
dramatic prevalence declines than in Georgia; notably, the para-
site persisted under the 2 °C warming scenario. Our model results
corroborate regional-scale observations that suggest that the par-
asite is thermally limited at its southern range edge (14).
Because crabs at more distant locales may experience different

abiotic conditions (e.g., salinity; ref. 25) or biotic conditions (e.g.,
predation rates; ref. 26) that could influence seasonal recruitment
patterns and local thermal performance relative to those experi-
enced in Georgia, we restricted full-model predictions to the
southern part of the parasite’s current range. However, the parasite
has recently expanded its northern range to Long Island Sound,
New York, in part due to human-mediated dispersal (27). Fur-
thermore, the sharp increase in the temperature-dependent R0
curve above the lower thermal limit for parasite reproduction (SI

Appendix, Fig. S13) suggests high sensitivity to increases in mini-
mum temperatures and thus potential for cool-season parasite
transmission to increase under warming at more northerly latitudes.
To explore whether warming might result in local increases in

parasite transmission and northward expansion of the parasite’s
current range, we selected seven locations spanning the host’s
range along the Atlantic coast, including one site north of the
parasite’s current known range, and investigated how 1 and 2 °C
increases to current mean weekly temperatures would change
the number of weeks conducive to parasite transmission (SI
Appendix, Materials and Methods). At the current northern range
edge we found no evidence that warming will drive a northern
range expansion because mean winter temperatures remain too
low to support parasite reproduction, and the number of weeks
above optimal transmission temperatures in summer increases
(SI Appendix, Fig. S16). However, at latitudes between 34 and
40°, we found that increases in cool season temperatures result in
a net increase in the number of weeks conducive to transmission
(SI Appendix, Fig. S16). Together, these suggest that warming
could result in a net range contraction, primarily due to extir-
pation in the south, but that local increases in transmission could
occur in the northern part of the current range. We stress,
however, that these predictions assume no local thermal adap-
tation by the host or parasite, and thus recommend additional
efforts to quantify host and parasite thermal performance in the
northern portion of the range to more accurately predict how
seasonal prevalence patterns will change under warming.
This work highlights the consequences of mismatches in host

and parasite thermal performance for parasite persistence. Our
experiments reveal that parasite infection influences host ther-
mal performance by disproportionately reducing infected host
survival at higher temperatures (Fig. 1E). The ensuing difference
in the temperatures that optimize uninfected and infected host
survival results in decreased infection prevalence and even local
parasite extirpation under projected warming in the coastal
southeastern United States (Fig. 3C). While physiological theory
predicts that many traits should increase gradually with tem-
perature to the thermal optimum and then decrease rapidly (i.e.,
they are left-skewed; refs. 28 and 29), we find evidence of the
opposite pattern for parasite production and infected host sur-
vival (Fig. 1 B, D, and E). Right skews in thermal performance
have been shown in individual ectothermic organisms (30), but
have rarely been investigated in host–parasite pairs. For para-
sites that can reproduce facultatively off of their hosts (e.g.,
Batrachochytrium dendrobatidis), it has been suggested that a

Fig. 4. Maximum yearly prevalence (%) predicted from model outputs run
with weekly water temperature data from 2011 to 2014 for St. Augustine,
Florida (FL); a GCE-LTER mooring, Georgia (GA); and Ace Basin, South Car-
olina (SC). We ran the model with ambient conditions (peach) and two
warming scenarios, ambient +1 °C (orange) and ambient +2 °C (red).
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right-skewed performance curve can result when parasite off-
host growth outperforms host growth at temperatures lower
than host and parasite thermal optima (31). However, because
many parasites, including L. panopaei, obligately require their
hosts to grow and reproduce, this mechanism cannot explain
right skews for all systems. In our system, uninfected host sur-
vival was optimized at a temperature close to that which opti-
mizes parasite reproduction, whereas infected host survival was
optimized just below the parasite reproductive thermal minimum
(Fig. 1F). This suggests that costs associated with the onset of
parasite reproduction could be driving the decrease in infected
host survival at temperatures close to those that optimize un-
infected host survival.
Our study suggests that predicting more generally how host–

parasite systems will respond to climate warming may depend
crucially on both host and parasite thermal performance and
differences in host performance driven by parasite infection.
Temperature is known to influence pathogen-infected host per-
formance in terrestrial plants and insects (32, 33) and may also
influence endothermic host behavior in ways that alter their
exposure risk to pathogens (34, 35). Because host abundance and
infectious period are key components of pathogen fitness, as
summarized by the parasite basic reproductive number, R0 (SI
Appendix, Eq. S18), omitting temperature dependence in asso-
ciated uninfected and infected host traits could lead to incorrect
predictions about the magnitude and direction of changes in
infection prevalence under warming.
Inclusion of nonlinear effects of temperature on parasites,

as was done in this study, will likely increase the accuracy of

predictions of host–parasite interactions at higher temperatures
(4) and will be particularly important in light of the fact that
temperature changes have not been equal between seasons and
are not expected to be equal in the future (24). Indeed, our
model results can be used to evaluate the potential effects of
increased variability in temperature extremes and suggests that
warmer winters could ameliorate the negative effects of climate
change on this parasite, but that warmer summer temperatures
could do the opposite (Fig. 3D).
In sum, this work reveals a thermal offset in performance

between uninfected and infected hosts that leads to the pre-
diction of local declines or even local extirpation of the parasite
under modest climate-warming scenarios. In addition, the same
framework highlights areas within the parasite’s range where
temperature change could increase infection. We propose that
the extent of offset between host and parasite performance in
response to temperature or other environmental gradients could
be an important general predictor for how host–parasite pairs
will respond to future environmental change and could help
explain the variability in host–parasite responses to warming that
has created the wealth of debate on the topic.
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