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a b s t r a c t

Glucocorticoid hormones allow individuals to rapidly adjust their physiology and behavior to meet the
challenges of a variable environment. An individual’s baseline concentration of glucocorticoids can reflect
shifts in life history stage and resource demands while mediating a suite of physiological and behavioral
changes that include immune modulation and resource allocation. Thus, glucocorticoids could facilitate a
response to parasites that is optimized for an individual’s specific challenges and life history stage. We
investigated the relationship between endogenous circulating glucocorticoids and measures of resistance
and tolerance to Haemosporidian parasites (including those that cause avian malaria) in red-winged
blackbirds (Agelaius phoeniceus). We found that higher endogenous concentrations of circulating gluco-
corticoids were associated with reduced costs of parasite infection, which is indicative of higher toler-
ance, but were unrelated to parasite burden in free ranging, breeding male birds. Post-breeding, both
males and females with higher glucocorticoid concentrations had higher measures of tolerance to
Haemosporidian infection. Our findings suggest a potentially adaptive role for glucocorticoids in shifting
the response to parasites to align with an individual’s current physiological state and the challenges they
face.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

Once infected with a parasite, individuals have two defense
strategies at their disposal: resistance and tolerance (Råberg
et al., 2009, 2007). Resistance is an individual’s ability to limit their
parasite burden (the number of parasites), and can be achieved by
removing parasites, or limiting parasite replication (Best et al.,
2008). Tolerance involves reducing the damage incurred per para-
site, or in other words, minimizing the costs of infection (Ayres and
Schneider, 2012; Råberg et al., 2007). Infection costs can be
assessed through health or performance measures (e.g., loss of
body mass, tissue damage, locomotor activity), survival probabil-
ity, or relative reproductive output (Kutzer and Armitage, 2016).
More tolerant individuals prevent or limit the damage accrued dur-
ing infection and/or repair damage as it occurs (Medzhitov et al.,
2012).

Although resistance and tolerance are not mutually exclusive
strategies (Athanasiadou et al., 2015; Mauricio et al., 1997; Restif
and Koella, 2004), trade-offs between the defenses could be
unavoidable if activating one strategy is detrimental to the other
(Råberg et al., 2007). For example, activating an inflammatory
response can increase resistance by increasing parasite clearance,
but, at the same time, compromise other host tissues and func-
tions, like reproduction and survival (Ilmonen et al., 2000; Libert
et al., 2006), ultimately decreasing tolerance (Schneider and
Ayres, 2008). In addition, the relative advantages of investing in
resistance and/or tolerance could vary with environmental condi-
tions or host ecology and life history. Sears et al. (2011) hypothe-
sized that species with a faster pace-of-life (i.e., have quick
growth and development, reproduce early in life, and have a short
lifespan) would invest more in parasite resistance, whereas those
with a slower pace-of-life (i.e., develop more slowly, reproduce
later, and have a longer lifespan) would invest more in tolerance.
Studies in birds and rodents have demonstrated that a faster
pace-of-life correlates with the pro-inflammatory immune
responses associated with resistance, whereas a slower pace-of-
life correlates with the anti-inflammatory responses that might
facilitate tolerance (Lee, 2006; Martin et al., 2006; Previtali et al.,
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2012; but see Martin et al., 2007; Versteegh et al., 2012). Among
individuals, variation in life history strategies and environment
can also influence resistance and/or tolerance (Festa-Bianchet,
1989; Knowles et al., 2009; Lutermann et al., 2012; Sternberg
et al., 2012). For example, increases in reproductive effort can
reduce both immune function (Ardia et al., 2003; Hanssen et al.,
2005; Saino et al., 2002) and parasite resistance (Festa-Bianchet,
1989; Knowles et al., 2009; Nordling, 1998).

Glucocorticoid hormones have the potential to influence invest-
ment in both resistance and tolerance. Glucocorticoids mediate
reversible changes in physiology and behavior in response to both
predictable (e.g., reproduction) and unpredictable (e.g., food avail-
ability, predation risk) challenges (Landys et al., 2006). Experimen-
tal elevation of glucocorticoid concentrations tends to reduce
parasite resistance (e.g., Applegate, 1970; Belden and Kiesecker,
2005; Wang et al., 2014), but in observational studies, the relation-
ships between glucocorticoids and parasite burden are varied (e.g.,
Bortolotti et al., 2009; Cornelius et al., 2014; Garvin et al., 2006).
Glucocorticoids could decrease resistance by suppressing compo-
nents of the immune response, which are frequently associated
with extended elevation of glucocorticoids (e.g., Bourgeon and
Raclot, 2006; Dhabhar and McEwen, 1997). However, effects of
glucocorticoid on immune activity are not always inhibitory, and
their effects can vary among different parts of the immune system
(Martin, 2009; Sapolsky et al., 2000), as well as with the timing,
duration, and amplitude of hormone secretion (Dhabhar, 2009;
McCormick et al., 2015).

Glucocorticoids might influence tolerance via their effects on
immune function, tissue repair, and behavior (Adelman and
Hawley, 2016; Medzhitov et al., 2012; Råberg et al., 1998).
Although the immune system is critical for the recognition and
removal of parasites as well as tissue repair and regeneration, a
robust immune response is potentially dangerous to the host’s
own tissues and could increase the risk of immunopathology
(Råberg et al., 1998). If glucocorticoids suppress the components
of the immune response and inflammation that damage host tissue
or cause sickness behaviors, they could increase tolerance
(Adelman et al., 2015; Apanius, 1998; Råberg et al., 1998). Further-
more, glucocorticoids could promote tolerance by enhancing tissue
repair through interactions with the immune system and other
physiological systems. For example, some parasites, including
malaria, blood-borne nematodes, and biting insects, can damage
and/or reduce numbers of red blood cells (Brommer et al., 2011;
Meagher, 1998; Valki�unas, 2005). Glucocorticoids can induce
increased red blood cell production (Golde et al., 1976; Voorhees
et al., 2013) and, by replacing the lost tissue, could increase toler-
ance to these parasites.

Few empirical studies have tested the hypothesis that glucocor-
ticoids mediate tolerance to infection. A recent laboratory experi-
ment tested the effect of exogenous glucocorticoid treatment on
resistance and tolerance to the chytrid fungus Batrachochytrium
dendrobatidis in the American toad (Anaxyrus [Bufo] americanus)
(Murone et al., 2016). High-dose glucocorticoid treatment reduced
survival, but the effect was independent of chytrid exposure, sug-
gesting that glucocorticoid treatment had no effect on tolerance. By
manipulating both glucocorticoids and chytrid exposure in the lab-
oratory, this experiment tested for a causal relationship between
the hormones and response to infection (Murone et al., 2016).
However, such manipulations do not account for variation in the
hosts’ behaviors that can influence parasite exposure and burden,
and they move animals away from their own endogenous and
potentially optimal hormone concentrations. Observational field
studies are required to describe the relationships of resistance
and tolerance to infection with glucocorticoid hormones under
natural conditions, and can therefore be critical to validating
experimental work. To our knowledge, no studies have described

the relationship between glucocorticoids and tolerance to infection
in a free-living population. Here, we evaluate the relationship
between glucocorticoids and measures of resistance and tolerance
to infection in free-living red-winged blackbirds (Agelaius phoeni-
ceus) infected with Haemosporidian parasites. We also assess
whether glucocorticoids might influence tolerance via effects on
tissue repair.

Haemosporidian parasites, which include malaria, infect several
vertebrate taxa (e.g., birds, reptiles, and mammals), and are geo-
graphically widespread (Martinsen et al., 2008; Valki�unas, 2005).
Avian Haemosporidians are vector-transmitted parasites and
include the genera Plasmodium (avian malaria), Haemoproteus,
and Leucocytozoon (Valki�unas, 2005). Haemosporidians have com-
plex life cycles, including multiple life stages in different host tis-
sues. Soon after the parasites successfully invade a host, the host
faces an acute stage infection, characterized by high numbers of
parasites in the blood (Asghar et al., 2012; Lapointe et al., 2012;
Valki�unas, 2005). This stage is followed by a chronic phase of the
infection characterized by low parasite burdens. Although the
length each stage of infection varies with the host and parasite spe-
cies (Valki�unas, 2005), the acute stage tends to be shorter, often
lasting for weeks (Asghar et al., 2012; Cellier-Holzem et al.,
2010; Ellis et al., 2015), whereas chronic infections can persist
for months or years (Asghar et al., 2012; Bishop et al., 1938;
Manwell, 1933). Where Haemosporidians are endemic, the para-
sites’ primary effects tend to be sub-lethal and few observational
studies have found costs of chronic infection in birds (Lapointe
et al., 2012). However, anti-malarial medication experiments and
long-term monitoring studies demonstrate that Haemosporidian
infection can reduce survival (Asghar et al., 2015; Martínez-de la
Puente et al., 2010), reproductive success (Knowles et al., 2010;
Marzal et al., 2005; Merino et al., 2000), and have physiological
consequences (Coon et al., 2016; Ellis et al., 2015), even in species
with a long history of coexistence with these parasites. Thus, resis-
tance and tolerance to malaria during the chronic stage of infection
could be important to birds’ fitness and subject to selection.

In this study, we assessed measures of resistance and tolerance
to Haemosporidians in birds naturally infected with the parasites.
As an indicator of resistance, we measured individuals’ parasite
burdens at the time of capture. Assessing parasite burden at a sin-
gle time point does not account for the variation caused by differ-
ences in host exposure to parasites or in the phase of infection.
However, we expect that most birds captured during our study
were experiencing the chronic stage of Haemosporidian infection
because we observed relatively low parasite burdens (results
below), the chronic stage is longer than the acute phase (Asghar
et al., 2012; Bishop et al., 1938), and we are less likely to capture
birds during the acute phase of infection because they tend to have
reduced mobility (Mukhin et al., 2016). As a measure for individual
tolerance, we used the residuals from a regression of a health mea-
sure against parasite burden. We considered individuals with a
health measure greater than the expected value for a given parasite
burden for that population to be more tolerant (Fig. 1). As a health
measure, we selected hematocrit, the proportion of whole blood
consisting of red blood cells by volume, because Haemosporidian
parasites destroy and damage red blood cells (Dawson and
Bortolotti, 1997; Ellis et al., 2015; Valki�unas, 2005). In addition,
reductions in hematocrit can decrease the quality and number of
offspring (Fronstin et al., 2015), suggesting that hematocrit could
represent a true cost of infection. Tolerance is usually compared
among groups of organisms (e.g., genotypes, species) rather than
individuals, and is most often assessed as range tolerance, or the
slope of the relationship between a health measure and parasite
burden (Kutzer and Armitage, 2016). This method of measuring
tolerance can be logistically challenging when applied at the indi-
vidual level. In some study systems, it can be difficult or even
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