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Hosts counteract infections using two distinct defence strategies, resistance (reduction in pathogen fit-
ness) and tolerance (limitation of infection damage). These strategies have been minimally investigated
in multi-host systems, where they may vary across host species, entailing consequences both for hosts
(virulence) and parasites (transmission). Comprehending the interplay among resistance, tolerance, vir-
ulence and parasite success is highly relevant for our understanding of the ecology and evolution of infec-
tious and parasitic diseases. Our work investigated the interaction between an insect parasite and its
most common bird host species, focusing on two relevant questions: (i) are defence strategies different
between main and alternative hosts and, (ii) what are the consequences (virulence and parasite success)
of different defence strategies? We conducted a matched field experiment and longitudinal studies at the
host and the parasite levels under natural conditions, using a system comprising Philornis torquans flies
and three bird hosts - the main host and two of the most frequently used alternative hosts. We found that
main and alternative hosts have contrasting defence strategies, which gave rise in turn to contrasting vir-
ulence and parasite success. In the main bird host, minor loss of fitness, no detectable immune response,
and high parasite success suggest a strategy of high tolerance and negligible resistance. Alternative hosts,
on the contrary, resisted by mounting inflammatory responses, although with very different efficiency,
which resulted in highly dissimilar parasite success and virulence. These results show clearly distinct
defence strategies between main and alternative hosts in a natural multi-host system. They also highlight
the importance of defence strategies in determining virulence and infection dynamics, and hint that
defence efficiency is a crucial intervening element in these processes.

© 2018 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

As a response to infection, hosts engage in two distinct defence
strategies, although many hosts combine the two. They may resist
infection, by investing in processes that reduce the fitness of para-
sites, and they may also tolerate an infection, through mechanisms
that reduce the cost and damage of parasitism (Raberg et al., 2007,
2009). The relationship between levels of tolerance and resistance
is predicted to be negative, and this has been confirmed in several
systems (Fineblum and Rausher, 1995; Kover and Schaal, 2002;
Raberg et al., 2007; Vincent and Sharp, 2014; Sears et al., 2015)
(but see Maze-Guilmo et al., 2014). These trade-offs may arise
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because resistance and tolerance are redundant and costly traits
(Raberg et al., 2009), and because some resistance mechanisms
affect tolerance by inflicting autoimmune or inflammatory damage
(Graham et al., 2005; Sears et al., 2011; Best et al., 2012). Previous
studies have focused on the resistance/tolerance responses of indi-
vidual host species (but see Rohr et al., 2010; Sears et al., 2015;
Knutie et al., 2016). Here, by contrast, we examine the responses
of several alternative, coexisting hosts to a shared parasite species.

Another relevant component of host-parasite interactions is
virulence: the cost paid by the host as a result of an infection
(Leggett et al., 2013). Virulence is not simply the inverse of toler-
ance, as the latter measures the damage per parasite (the slope
of the relationship between host fitness and parasite burdens)
(Raberg, 2014), whereas virulence is usually measured as morbid-
ity or mortality, reflecting the damage caused by a typical infection
(at mean infection intensity). Thus, virulence depends on factors
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inherent to the host (tolerance and resistance) and to the parasite
(exposure and pathogenicity) (Raberg et al., 2009, Raberg, 2014;
Johnson et al., 2012). We note, too, that the efficiency of defence
may be of particular significance for the outcomes of host-parasite
interactions. For example, large efforts to reduce parasite fitness or
damage, achieving little control of the infection and its conse-
quences (low defence efficiency) will result in high virulence due
to poorly constrained infection intensity and pathogenicity, plus
the cost of resistance and the associated immunopathology.

The effect of availability of multiple host species on the ecology
and evolution of tolerance and resistance has been little explored
by theoretical and empirical studies, even though in nature most
parasites use more than one host species (Woolhouse et al.,
2001; Schmid-Hempel, 2011). This is of special relevance, as many
emerging infectious diseases (e.g. HIV in humans, rinderpest in
ruminants, canine distemper in wild carnivores), are the result of
switches from one host species to another (Woolhouse et al.,
2005). It is known that infections are often less virulent in ‘reser-
voir’ hosts than they are in alternative ones (Mandl et al., 2015),
but the mechanisms underlying this have not been studied in the
context of resistance and tolerance. Establishing how switching
from main to alternative hosts affects the outcome of host-parasite
interactions is critical to our understanding of the dynamics of par-
asites and their effects on different hosts, which in turn is essential
to comprehend and attempt to control zoonotic and emerging
infectious diseases.

A few studies in natural multi-host systems have shown that
defence strategies and their outcomes may vary across host spe-
cies, using either laboratory experiments (Rohr et al., 2010;
Johnson et al., 2012; Sears et al., 2015) or field studies under nat-
ural conditions (Knutie et al., 2016), but to the best of our knowl-
edge, there have been no studies investigating the interplay among
tolerance, resistance, virulence and parasite productivity under
natural conditions and in a naturally co-evolving multi-host sys-
tem, nor has there been research comparing defence strategies
(resistance and tolerance) and their outcomes between main and
alternative hosts. This is the focus of the work described here.

Some neotropical parasitic flies of the genus Philornis Meinert,
1890 (Diptera: Muscidae) have unique life history traits that pro-
vide the rare opportunity to collect detailed empirical data on
the interaction between host and parasite under natural condi-
tions, which can shed light on the consequences of using different
hosts on the fitness of both parasite and host. (For a description of
the characteristics of this system, see Supplementary Data S1).
Many Philornis spp. have larvae that are permanent s.c. parasites
of bird nestlings (Texeira, 1999). Because nestlings can be moni-
tored daily for the whole period they are susceptible to infection
by Philornis spp., collection of sequential infection data from the
whole bird community is feasible (Manzoli et al., 2013). Moreover,
larvae of s.c. Philornis are relatively large and stay at the site where
they penetrated the skin, so they can also be individually followed
throughout this parasitic stage, enabling assessment of parasite
success.

The predominant Philornis sp. in central Argentina is Philornis
torquans (Nielsen, 1913; Monje et al., 2013; Quiroga et al., 2016).
Although P. torquans is considered a generalist (Lowenberg-Neto,
2008), it is closely associated with Great Kiskadees, Pitangus sul-
phuratus (Linnaeus, 1766) (Passeriformes: Tyrannidae) (de la
Pefia et al.,, 2004; Antoniazzi et al., 2011; Manzoli et al., 2013).
Given that prevalences are highest in Great Kiskadees, that the
abundance of their broods determines the occurrence of P. torquans
in the whole bird community, and that other host species are gen-
erally ignored if sufficient Kiskadee nestlings are available
(Antoniazzi et al., 2011; Manzoli et al., 2013), Great Kiskadees
are arguably the main host of P. torquans in central Argentina.
Many other bird species can be alternative hosts of P. torquans,

notably Thornbirds (Phacellodomus ruber and Phacellodomus sibila-
trix) (de la Pefia et al., 2004; Antoniazzi et al., 2011; Manzoli et al.,
2013).

Here we offer an integrative analysis of the interplay of host
resistance, tolerance, virulence and parasite success in this multi-
host-parasite system, and offer quantitative data from experimen-
tal and longitudinal studies carried out in natural populations
under natural conditions, to address two relevant questions: (i)
are defence strategies different between main and alternative
hosts and, (ii) what are the consequences of different defence
strategies for hosts (virulence) and parasites (parasite success)?

2. Materials and methods
2.1. Community studied

The data were collected from two similar native forest patches
located in the centre of Santa Fe Province (Argentina). One is a
reserve belonging to Universidad Nacional del Litoral, Argentina
(centre at 60°55'W, 31°23’S), the other one, a private field known
as “Mihura” (centre at 60°47'W, 31°30’'S). The area sampled within
each site was 40 ha. Both sites are located alongside the Salado
River and represent relics of the biogeographic province ‘El Esp-
inal’. The forest is dominated by medium sized tree species such
as Aspidosperma quebracho blanco, Geoffroea decorticans, Acacia
caven and Prosopis spp. (Arturi, 2006), which allow access to most
nests present in the area. The climate in the region is Pampean
Temperate, with an average annual temperature of 18 °C (mean
minimum =12 °C; mean maximum =23°C) (from www.cli-
mayagua.inta.gov.ar). Approximately 100 bird species have been
reported to breed in this region, mostly of the Order Passeriformes
(de la Pefia, 2005).

At the study area, more than 20 species have been found to be
parasitised by P. torquans larvae, but the Great Kiskadee is by far
the preferred host, with prevalences over three times higher than
those of the second most used host species (Manzoli et al., 2013).
Among the most frequently parasitised alternative hosts are the
Greater Thornbird, Phacellodomus ruber (Vieillot, 1817) and the Lit-
tle Thornbird, Phacellodomus sibilatrix (Scalter, 1879) (Antoniazzi
et al., 2011). For a description of the hosts studied see Supplemen-
tary Data S2. Molecular studies demonstrated that P. torquans is
the only species of the genus present in the area, and to date the
only lineage documented in central Argentina (Monje et al., 2013).

2.2. General approach

Studying host—parasite interactions in the wild is indispensable
to be able to understand the ecological patterns underlying the
dynamics and risks of infection. However, generating sound data
from natural systems is challenging. Field (observational) studies
are confounded by a myriad of interacting factors that make it dif-
ficult to separate pertinent patterns from background noise.
Manipulative experimental approaches, on the other hand, can
overcome this issue, allowing the dissection of the variables of
interest, but some limitations arise when it comes to studying
host-parasite interactions in natural systems. For example, either
the manipulation (e.g. applying insecticides to reduce ectopara-
sites, see Knutie et al., 2016) or the controlled conditions employed
(e.g. hosts maintained in containers, see Sears et al., 2015) may
affect some host species more than others, causing distortion in
the effects being measured and jeopardizing comparisons among
host species.

To overcome these difficulties, we combined the virtues of
matched experimental designs and the realism of observational
longitudinal studies. First, a larval removal field experiment was
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conducted on Kiskadees and Thornbirds to assess the effect of
Philornis infection on nestling survival, growth, red blood cells
(RBCs) and white blood cells (WBCs). This enabled us to establish
cause-effect relationships between Philornis and most of the
dependent variables selected to assess tolerance, resistance and
virulence. Then we conducted a longitudinal study following all
nestlings of the three host species of interest present in two similar
bird communities during two breeding seasons, which produced a
large sample size that allowed us to establish temporally coherent
associations between Philornis burdens and the variables related to
nestling fitness (e.g. whether RBC counts decline soon after infec-
tion), while controlling for potential confounders and effect modi-
fiers (see Supplementary Table S1). Finally, a third study based on
following individual larvae on each host species allowed assess-
ment of parasite success (survival) and an additional measure of
resistance.

2.3. Haematological procedures

Once a week, a blood sample was obtained from every nestling
by clipping the tip of a nail and collecting the emerging drops in
heparinised capillary tubes. This allowed extraction of approxi-
mately 10 pl of blood each time. The tubes containing the blood
samples were kept refrigerated in a cooler until taken to the labo-
ratory (within a 4 h period). The direct Rees Ecker Method was
used for absolute counts of RBCs and WBCs. The blood was
extracted from the capillary tubes and homogenized on a glass
slide, and a 2 pl aliquot was mixed with 98 ul of Ress Ecker solution
(Sodium citrate: 3.8 g; 40% formaldehyde: 0.2 ml; cresyl blue: 0.3
g; distilled water: 100 ml), thus achieving a 1:50 dilution (modified
from Lucas and Jamroz, 1961). Counts were made using a haemo-
cytometer (Neubauer Improved, Brand, Germany). This solution
leaves WBCs tainted in blue and refringent, facilitating the count.

2.4. Measures of resistance, tolerance, virulence and parasite success

Operationally, resistance has been defined as the inverse of the
number of parasites per host given constant parasite exposure
(Raberg et al., 2007, 2009; Rohr et al., 2010). This has two major
problems; first, parasite exposures are rarely constant and are dif-
ficult to quantify in nature, and second, it neglects that resistance
efforts may vary in efficiency (as it only measures the outcome, not
the investment). Different investments in resistance may yield
similar parasite reductions, and vice versa, and this needs to be
acknowledged for a better understanding of the phenomenon. To
overcome these issues, we provide two measures of resistance that
are independent of parasite burden, one of which focuses on
investment in resistance (inflammatory response).

The host immune response to myiasis-causing larvae combines
non-specific and specific elements (Otranto, 2001). In our system,
the non-specific response predominates, as specific immune
responses against botflies do not appear until a few weeks post-
infection (Otranto, 2001), when nestlings have already left the nest
or are fully fledged and about to leave it. The non-specific immune
response to burrowing larvae consists primarily of an inflamma-
tory reaction, which is reflected locally by a cellular infiltrate and
edema, and systemically by an elevated WBC count (Owen et al.,
2010). Hence, we used WBC counts as a proxy for the investment
in resistance. With a field experiment (see Section 2.6), we pro-
vided evidence to confirm that Philornis caused increases in WBCs.
The investment in resistance was expressed as regression coeffi-
cients representing the change in host WBCs per parasite, obtained
from Generalized Linear Mixed Models (GLMM, see Section 2.9)
with WBCs per microlitre as the response (with a Poisson distribu-
tion) and, as independent variables, the burdens of larvae at their
first (L1) or last instar (L3) stage present during the preceding visit

(2-3 days previously) (plus several potential confounders). These
data were obtained from longitudinal study 1 (see Section 2.7).
L1 burdens were used to evaluate early responses, whereas bur-
dens of L3s (which had been on the host for 3-4 days) were used
to assess whether the inflammatory response was sustained.

The outcome of resistance was approximated by conducting a
survival analysis with individual larvae as the study unit (see Sec-
tion 2.8). Survival estimates were used as a measure of parasite
success, whereas their inverse (probability of failure) reflected
the outcome of resistance. In summary, we measured resistance
in two novel ways: one that focuses on the efforts aimed at con-
trolling the parasite (host immune response per parasite), and
another that shows the actual success achieved (parasite failure).
The combination of both measures can give an idea of the effi-
ciency of resistance efforts, by relating control success to resistance
investment.

Tolerance was operationally defined as the regression slope
between parasite burden and host fitness (Raberg et al., 2009).
These slopes were calculated with models constructed with data
from longitudinal study 1 (see Section 2.7). The proxies of fitness
used were the presence/absence of nestlings during the following
2-3 days, daily growth in tarsus length, and RBC levels.

Virulence is not merely the inverse of tolerance, but an outcome
of the host-parasite interaction determined by the interplay
between infection and host defences, as it depends on the detri-
mental effect per parasite (reflected by tolerance) and on the inten-
sity of parasitism (affected by resistance, and dependent on
parasite exposure) (Read et al., 1999, 2009). The inextricable rela-
tionships among tolerance, resistance, virulence and parasite suc-
cess are depicted in Fig. 1. Virulence is therefore the damage
caused by the parasite burden, which is determined by parasite
exposure and host resistance. Such damage not only depends on
the infection intensity, but also on host tolerance. Here we attempt
to assess the virulence of a typical infection, and hence we estimate
it by multiplying the mean parasite intensity of each host species
(mean number of parasites found in the infected hosts) by the
per-larva damage documented in longitudinal study 1 (see Sec-
tion 2.7). It is noteworthy that measures of virulence were inevita-
bly obtained using the same fitness parameters used for tolerance
(nestling survival, growth and RBCs), but while tolerance reflects
the (inverse of) damage per parasite, virulence is measured as
the damage caused by a typical infection, having as a reference fit-
ness in the absence of parasites (vigour, see Fig. 1). That is, the
impact on each fitness parameter caused by a burden equal to
the mean larval intensity for each host species.

Besides the estimate of parasite fitness described above (para-
site survival as estimated by longitudinal study 2), we also calcu-
lated an estimate of parasite productivity that indicates the
number of larvae that achieve development per available host at
a given time, using this simple formula:

Parasite productivity in host; = prevalence in host;
* mean intensity in host;

+ larval survival in host;

2.5. Data collection

During the breeding seasons of 2008-2009 (September-April)
and 2009-2010 (September—May), both 40 Ha areas were exam-
ined exhaustively each week, looking for signs of active nests. Once
nests under construction or with activity were found, those were
marked with a flagging tape and geo-located. Nestling manipula-
tion was conducted following guidelines by Ralph et al. (1993)
and de Beer et al. (2001). All procedures conducted in this study
comply with the current National and Provincial laws, and were
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Fig. 1. The relationships among the components of the host-parasite interaction and its outcomes (virulence and parasite output). (A) The parasite burden results from
parasite exposure and the ability of the host to control the parasite: its resistance. The host tolerance is the ability to reduce the damage caused by each parasite, and here it is
represented by the slope of the red line. The steeper the slope, the less tolerant the host. The virulence is the loss of host fitness at a given parasite burden, having as a
reference the vigour (fitness when parasite burden equals zero). For a given parasite, both virulence and parasite output depend on parasite exposure, resistance and
tolerance. Using mean infection intensities (diamond), the virulence of a typical infection may be estimated. (B-E) Different scenarios of resistance (Res) and tolerance (Tol).
Assuming constant parasite exposure, a highly tolerant and resistant host (B) yields the lowest levels of virulence and parasite output. The highest parasite output occurs in
hosts with high tolerance and low resistance (C), and the greatest virulence in hosts that are low in both tolerance and resistance (E). In a host that is highly resistant but with

low tolerance (D), the virulence is not high because burdens are low.

approved by the Bioethics Committee of Universidad Nacional del
Litoral, Argentina.

For the three studies, all broods of the three species of interest
were periodically visited and each nestling was thoroughly exam-
ined for parasites, from hatching until they left the nest or died.
Larvae were individually identified and their stage and location
recorded every time the host was examined, as L1 (<4 mm), L2
(4-7 mm) or L3 (>7 mm). In addition, morphometric measures
were taken, including the length of the tarsus (in mm). Once a
week, a blood sample of approximately 10 ul was taken with a
heparinized capillary tube, by cutting the tip of a nail. Additional
information about the host, the brood, the nest and the environ-
ment was recorded to account for potential confounding and
effect modification in the statistical analysis (Supplementary
Table S1).

2.6. Matched field experiment

Broods of Great Kiskadee and Greater Thornbird identified in
the surroundings of the area surveyed for the longitudinal studies
(below) were recruited for a larval removal experiment. The Little
Thornbird was excluded from this study because our early observa-
tions suggested that larvae often failed to progress to stages
beyond L1, so removal would not result in the desired contrast
between treated and control hosts. Recruited broods were followed
daily from egg to fledging, and only the subset that was parasitized
was considered for the analysis. The final number of broods used
was 36 (23 Great Kiskadees and 13 Greater Thornbirds). Within
each brood, nestlings were marked and randomly assigned to
either of two treatments: complete daily removal of L1s; and mock
removal (hereafter, controls; so both treatments were exposed to
similar manipulation stress). These procedures were repeated
every day until the nestlings left the nest or died. If in a given
brood, all nestlings of one of the treatment groups died, the
remaining siblings were followed for 2 more days.

2.7. Longitudinal study 1: Repeated measures of nestlings

Nests of Kiskadees or Thornbirds that were identified with
activity (nest building or lining) were recruited for longitudinal
study 1. Each brood was systematically followed and sampled
three times each week (at intervals of 2-3 days) as described in
Section 2.6.

2.8. Longitudinal study 2: Larval survival

The subset of data used for this study came from records of lon-
gitudinal study 1, and consisted of all larvae that were initially
recorded at their first stage (L1, <4 mm) and on young nestlings
(<5 days old, to reduce the variability in larval success that might
arise with age). The aim of this study was to compare larval success
on each of the three studied hosts (116 larvae of 13 Great Kiskadee
nesltings, 51 larvae of five Greater Thornbirds, and 46 larvae of 15
Little Thornbirds). Larval success (presence and growth) was
assessed 2-3 days later (when the larva was supposed to be at
its final instar, but before it was ready to leave the host), allowing
the probability of survival to be estimated.

2.9. Statistical analysis

Analyses were carried out using Linear Mixed Models (LMM;
daily tarsus growth and RBC levels in the field experiment and lon-
gitudinal study 1), Generalised Linear Mixed Models (GLMM; WBC
concentration with a Poisson response and survival with a bino-
mial response for the field experiment and longitudinal study 2),
and Cox Mixed effects Models (survival analysis in longitudinal
study 1). Inference was performed using Information theory, and
model selection was conducted by comparing all possible models
using the Akaike Information Criterion (AIC) (Burnham and
Anderson, 2002). The software used was R 3.2.3 (the R-Project
for Statistical Computing; //http:www.R-project.org).
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3. Results
3.1. Quantifying Philornis parasitism

In the two 40 Ha forest patches that were examined exhaus-
tively every week during two breeding seasons, we recorded
2291 observations based on 43 broods of Greater Thornbird, 79
broods of Little Thornbird and 70 broods of Great Kiskadee.

Parasite exposure (presence of at least one larva) was docu-
mented in 59% of 69 broods of Great Kiskadee, 38% of 78 broods
of Little Thornbird and 26% of 42 broods of Greater Thornbird.
The prevalence (proportion of nestlings parasitised at a given time)
was 41.2% in Great Kiskadees, 12.6% in Greater Thornbirds and
10.6% in Little Thornbirds. Mean intensities (mean burden in
infected hosts) were 11.1, 13.4 and 3.6 larvae per nestling,
respectively.

Table 1

3.2. Establishing cause-effect relationships: Larval removal experiment

Daily larval removal resulted in a 36-fold increase in the odds of
survival of Greater Thornbird nestlings to a level similar as Great
Kiskadees, which showed no detectable effect of larval infestation
on survival (Table 1, Supplementary Fig. S1). In both species, RBC
counts were lower in parasitized nestlings compared with treated
ones, depending on the number of larvae (L3) that were parasitiz-
ing the brood. Each L3 on a control host accounted for a difference
of approximately 54,000 RBCs per microliter between treated and
control nestlings (Table 2). No effect of larval removal was
observed on growth (Supplementary Table S2).

An effect of larval removal on WBC counts was also only
observed in Greater Thornbirds (Fig. 2; Table 3). Parasitized
Greater Thornbird nestlings had 50% greater WBC levels than those
that had their larvae removed on a daily basis.

Generalized Linear Mixed Model with a binomial response, showing the effect of daily larval removal on the probability of survival, by nestling species (Great Kiskadee and

Greater Thornbird). Brood ID was included as a random intercept.

Model: Survival ~ Host species + Larval removal + Host sp. x Larval removal; Random intercept: brood ID

Parameter Coefficient (log odds) S.E. z value 95% Cl
Intercept -1.5183 0.9217 —-1.647 —3.325, 0.288
Larval removal 3.5726 1.1848 3.015 1.250, 5.895
Host sp. (Grt. Kiskadee) 3.1620 1.2899 2451 0.634, 5.690
Larval removal x Host sp. (Grt. Kiskadee) —2.9357 1.3463 -2.181 -5.574, —0.297

CI, confidence interval; Grt., Great.
“Reference host sp. = Greater Thornbird.

Table 2

Linear Mixed Model showing the effect of daily larval removal on red blood cell levels (cells/microlitre), adjusting by age and by the mean larval burden that were left on control
siblings. Host species and its interaction with the treatment were removed from the model because those were not important for the model, indicating no differences between

host species. The random intercept included was brood ID/nestling ID.

Model: RBC ~ Mean L3 burden on controls + Removal + Age + L3 burden x Larval removal; random intercept: brood ID/nestling ID

Parameter Coefficient S.E. t value 95% ClI

Intercept 1,039,924 101,403 10.255 839,980, 1,242,032
Mean L3 burden on controls -30,933 12,630 —2.449 —55,843, —6035
Larval removal —40,576 86,965 -0.467 —212,037, 131,154
Larval removal x L3 burden 54,288 15,520 —3.498 23,670, 84,911
Age 71,021 8917 7.965 53,387, 88,687

CI, confidence interval.

z: Al A
A wm X Y
5
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e,
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2,

0 100 200

<
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sapeysiy 18aID

300

Total larvae accumulated

Fig. 2. Inflammatory response by treatment and species. White blood cell (WBC) counts in nestlings of Greater Thornbird (A) and Great Kiskadee (B) by cumulative burden of
Philornis larvae (number of larvae that have fed on a nestling at the time of observation). Circles represent records from control nestlings, and triangles treated ones. In the
latter, the x-axis represents the number of larvae that have been removed, whereas in the former the total number that was left parasitizing the host. Bird illustrations were
extracted from: de la Pefia, M.R. Aves Argentinas (Tomo 2). Eudeba - Ediciones UNL. Buenos Aires, Argentina. 496 pp. ISBN 9789876579865..
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3.3. Defence strategies and their outcomes across hosts: Longitudinal
studies

3.3.1. Tolerance

Consistent with the experimental findings, Philornis infection
had no effect on nestling survival in Great Kiskadees, but it affected
both Thornbird species considerably (Table 4; Fig. 3). Every larva
reduced the probability of survival over the following 2-3 days
by 6% for Greater Thornbirds and by 16% for Little Thornbirds
(Table 4; Fig. 3C). Also in agreement with the field experiment,
Philornis infection affected RBC counts and this effect was not sig-
nificantly different between host species (Supplementary
Table S3). Unlike results from the experimental study, there was
a significant negative effect of Philornis infection on growth
(increases in tarsus length) that did not differ between host spe-
cies. However, an interaction with age shows that the negative
effect decreases as the nestling grows older (Supplementary
Table S4). For example, for a 5 days old nestling every larva reduces
the daily growth by 0.02 mm, whereas the effect drops to 0.01 mm
for a 10 days old nestling.

3.3.2. Resistance investment

Great Kiskadees showed no increase in WBC counts in response
to Philornis infection (Table 5, Fig. 4), as also observed in the exper-
iment, but both Thornbirds showed strong positive effects of L1
burdens on WBC counts (of greater magnitude in Greater Thorn-
birds, Fig. 4A). However, for L3s (representing prolonged exposure)
the correlation becomes highly positive in Little Thornbirds and
negative in Greater Thornbirds (Fig. 4B).

3.3.3. Resistance outcome

The results of longitudinal study 2 showed that larval success
was remarkably different among host species (Table 6; Supple-
mentary Fig. S2). The larval failure rate in Great Kiskadees was very
low, reaching just 8% (95% Confidence Interval (CI): 2%; 23%). In Lit-
tle Thornbirds, on the other hand, larval failure was highest at 82%
(59%; 94%), while Greater Thornbirds achieved relatively low larval
failure at 22% (5%; 51%).

Table 3

3.4. Virulence, parasite success and summary of results

3.4.1. Virulence

With the effect sizes from the models presented in Section 3.3
(Table 4, Supplementary Tables S3, S4) and the mean intensity val-
ues described in Section 3.1, virulence estimates were as follows: i)
at mean burdens, there is no impact on survival in Great Kiskadees,
whereas its probability decreases 42% for Little Thornbirds and 46%
for Greater Thornbirds; ii) typical infections cause a substantial
reduction in daily tarsus growth of Greater Thornbirds and Great
Kiskadees (0.47 mm and 0.46 mm less growth than a non-
infected nestling, respectively), but only a small effect in Little
Thornbirds (0.19 mm); iii) similarly, RBC counts decreased on aver-
age by 205,000 and 173,000 cells per microlitre in infected Greater
Thornbirds and Great Kiskadees, respectively, and only 50,500 in
Little Thornbirds.

3.4.2. Parasite fitness

Larval survival (inverse of parasite failure, above) was very high
in Great Kiskadees (91.8%; Table 6), relatively high in Greater
Thornbirds (78.4%), and low in Little Thornbirds (16.4%). Taking
into account the prevalence and mean burden present in each host
species (see Section 3.1) and the estimates of larval survival, para-
site productivity was 4.2 larvae per available host at a given time in
Great Kiskadees, 1.3 in Greater Thornbirds, and only 0.07 in Little
Thornbirds.

Fig. 5 summarises the results, showing the different strategies
of each host with their resulting contrasting outcomes for both
host and parasite.

4. Discussion

Only a few studies have explored whether defence strategies
and their outcomes may vary across host species (Rohr et al.,
2010; Johnson et al., 2012; Sears et al., 2015; Knutie et al., 2016).
Experimental studies comparing trematode infections in amphib-
ian hosts found that the pace of life (life history style in terms of
timing, comprising a slow-fast continuum) is associated with resis-

Generalized Linear Mixed Model with a Poisson response, showing effect of larval removal on white blood cells, by nestling species (Great Kiskadee and Greater Thornbird). Brood

ID was included as a random intercept.

Model: WBC ~ Host species + larval removal + Host sp. x larval removal; random intercept: brood ID

Parameter Coefficient S.E. t value 95% ClI
Intercept 8.6961 0.1661 52.37 8.362; 9.026
Larval removal —0.4089 0.1799 -2.27 —0.767; —0.051
Host sp. (Grt. Kiskadee) -0.3874 0.2023 -1.91 —0.789; 0.022
Larval removal x Host sp (Grt. Kiskadee) 0.4419 0.2168 2.04 0.011; 0.874

CI, confidence interval; Grt., Great.
"Reference host sp. = Greater Thornbird.

Table 4

Mixed Cox Proportional Hazard model showing the effect of Philornis infection on survival for each of the three nestling species studied, while adjusting for brood size. Random

intercepts included were brood ID/nestling ID.

Model: Survival ~ Larval burden + Host species + Brood size + Larval burden x Host species; random intercept: brood ID/nestling ID

Parameter Coefficient S.E. z value 95% CI

Larval burden 0.003 0.012 023 -0.021, 0.027
Host sp. (Grt. Thornbird) -0.023 0.606 -0.04 -1.210, 1.165
Host sp. (Ltl. Thornbird) 0.562 0.491 1.15 —0.400, 1.524
Larval burden x Host sp. (Grt. Thornbird) —0.059 0.028 —2.12 —0.114, —0.004
Larval burden x Host sp. (Ltl. Thornbird) -0.155 0.056 -2.80 —0.268, —0.045
Brood size —-0.812 0.143 —5.68 -1.092, -0.531

CI, confidence interval; Grt., Greater; Ltl., Little.
"Reference host sp. = Great Kiskadee.
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larvae (B). (C) The probabilities of survival (relative to uninfected hosts) as a function of Philornis burdens, as estimated by the Mixed Cox Proportional Hazard model (see
Table 4) are shown for each host species. The length of each line represents the third quartile of the burden recorded for each species. Bird illustrations were extracted from:
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Table 5

Generalized Linear Mixed Model with a Poisson response, evaluating the effect of Philornis infection (at different larval instars, L1 and L3) on white blood cell levels. Additional
terms and interactions were included to account for potential confounding or effect modification (see Supplementary Table S1 for details). The random intercept included was

brood ID/nestling ID. Bold terms are statistically significant.

Parameter Coefficients S.E. 95% Cl

Host sp. (Grt. Thornbird) -0.106 0.165 -0.430 0.218
Host sp. (Grt. Kiskadee) -0.078 0.145 —0.361 0.206
L1, 4 0.128 0.043 0.043 0.213
L3, 4 0.615 0.188 0.247 0.982
Host sp. (Grt. Thornbird) x L1¢_; 0.070 0.215 -0.351 0.490
Host sp. (Grt. Kiskadee) x L1, ¢ -0.129 0.049 -0.225 —0.034
Host sp. (Grt. Thornbird) x L3; 4 -0.702 0.246 -1.184 -0.219
Host sp. (Grt. Kiskadee) x L3; ; -0.612 0.188 -0.981 —0.244
Age 0.069 0.036 —0.002 0.141
Age? —0.006 0.002 -0.010 —0.002
Age? x Host sp. (Grt. Thornbird) 0.001 0.001 —0.001 0.003
Age? x Host sp. (Grt. Kiskadee) 0.004 0.001 0.003 0.006
Rain,_, —0.005 0.001 —0.007 —0.003
Year (II) —-0.092 0.169 -0.423 0.240

CI, confidence interval, Grt. Thornbird, Greater Thornbird; Grt. Kiskadee, Great Kiskadee.

“Reference host sp. = Little Thornbird.

tance and tolerance (Johnson et al., 2012; Sears et al., 2015). One of
these studies found that fast-lived species exhibited lower resis-
tance and tolerance (i.e. had the highest levels of parasite load
and pathology) compared with hosts with a slow pace of life
(Johnson et al., 2012). A second experiment showed a different pat-

tern, as tadpole pace-of-life was again a negative predictor of toler-
ance, but a positive predictor of behavioural resistance (Sears et al.,
2015). Recently, Knutie et al. (2016) found that Galapagos mocking
birds tolerate infections by an introduced parasite, Philornis downsi,
whereas Darwin’s finches are heavily impacted. Here we offer data
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Table 6

Generalized Linear Mixed Model with a binomial response, showing the effect of host species on larval survival. Nestling ID was included as a random intercept.

Model: Larval survival ~ Host species + Age; random inercept: nestling ID

Parameter Coefficient SE 95% CI

Intercept —1.487 0.602 —2.740 -0.357
Host species (Grt. Thornbird)’ 2.778 0.706 1.457 4418
Host species (Grt. Kiskadee)’ 3.907 0.649 2.682 5.506
Age -0.439 0.131 -0.763 -0.169

CI, confidence interval; Grt. Thornbird, Greater Thornbird; Grt. Kiskadee, Great Kiskadee.

“Reference host sp. = Little Thornbird.

under natural conditions comparing defence strategies (resistance
and tolerance) and their outcomes between main and alternative
hosts in a naturally co-evolving system.

Defence strategies and infection outcomes were dissimilar
across the three studied hosts. Such results may be explained by
two plausible mechanisms: parasite-derived and host-derived
traits. A parasite-derived explanation may be that Philornis larvae
show phenotypic plasticity and are able to inhibit the inflamma-
tory response successfully in Great Kiskadees, but fail to do so in
Thornbirds. A second explanation is that these hosts have evolved
different defence strategies against the same parasite. Although
establishing this important distinction warrants further research,
in this case we prefer to favour the host-derived explanation due

to the following reasons. Firstly, both the field experiment and
the longitudinal study showed no sign of inflammatory response
in Great Kiskadees. If this was due to perfect inhibition achieved
by the larvae, it makes little biological sense that the same inhibit-
ing mechanisms would perform so poorly in other birds of the
Order Passeriformes (Otranto, 2001), especially in the presence of
co-evolutionary history. Second, while the existing literature sup-
ports the view that the same parasite may have varying patholog-
ical effects across a range of hosts species due to differences in host
defences (e.g. Graham et al., 2005; De Roode and Altizer, 2010;
Zhao et al., 2015), evidence of changes in pathogenicity attributa-
ble to parasite phenotypic plasticity related to using different hosts
is still lacking.
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parasite reduction achieved. These diverse strategies resulted in contrasting outcomes: virulence was greatest in Greater Thornbirds and lowest in Great Kiskadees. Parasite
productivity (the number of larvae that successfully develop per available host at a given time) was highest in Great Kiskadees, very low in Little Thornbirds, and intermediate
in Greater Thornbirds. Bird illustrations were extracted from: de la Pefia, M.R. Aves Argentinas (Tomo 2). Eudeba - Ediciones UNL. Buenos Aires, Argentina. 496 pp. ISBN

9789876579865.

In the main host, the strategy was to tolerate without resisting,
which appeared to benefit both parasite and host. On the other
hand, both Thornbirds fought the infection and showed little toler-
ance, but the outcomes differed between them, depending on the
magnitude and efficiency of the resistance efforts elicited. The Lit-
tle Thornbird was the least tolerant of the host species studied, but
as its parasite burdens were generally low, the population-level
impact of Philornis infection on survival, growth and RBCs (i.e.
the mean virulence) was lower than that suffered by Greater
Thornbirds, which despite being more tolerant, had higher larval
intensities.

The importance of the defence strategy employed for the out-
come of host-parasite interactions is poorly understood. A reveal-
ing experiment recently conducted with laboratory rodents
infected with Listeria monocytogenes showed that the strategy
adopted by hosts was genetically determined and resulted in two
different infection outcomes, survival or death (Lough et al.,
2015). Here, our empirical data provide further evidence for host
resistance and tolerance playing a major role in determining infec-
tion outcomes - in this case in a naturally co-evolving system. As
parasites evolve quickly and hosts have to focus on many selection
pressures besides their multiple parasites, it has been argued that
hosts are unlikely to win the ‘arms race’ against parasites (Roy and
Kirchner, 2000; Boots 2008). This, in turn, has generated some
parasite-centric views on the ecology and evolution of host-para-
site interactions. For example, virulence has been considered a trait
of that interaction mainly determined by parasite evolution, which
results from trade-offs between host damage and transmission
(the so called trade-off theory for virulence) (Alizon et al., 2009;
Leggett et al., 2013). In the Philornis-nestling system studied here,
however, the main determinant of differential virulence between
host species appears to be the host defence strategy, leaving little
room for the trade-off theory and strongly suggesting an important
role for hosts in the evolution of virulence. Being highly tolerant
and showing negligible resistance, Great Kiskadees are able to keep

virulence at minimum levels, which also benefits the parasite (i.e.
there is optimal host exploitation and ‘transmission’ without viru-
lence). Further, our results emphasise the clear distinction between
virulence and tolerance, despite both being calculated using per
parasite damage data. Although the damage per parasite was
greatest in Little Thornbirds (lowest tolerance), infections in
Greater Thornbirds were typically more virulent (greater impact
on survival, growth and RBCs).

In this system, our results suggest that the inflammatory
response may be a mechanism contributing substantially to the
pathogenicity observed in Thornbirds. Conversely, preventing this
response seems to be one of the main mechanisms of tolerance
in Kiskadees. A systemic inflammatory response (as observed in
Thornbirds here) is among the costlier host defence efforts (Lee
et al., 2005), and is also known to exert profound immunopatho-
logical effects (Sears et al., 2011). The regulation of the inflamma-
tory response has been implicated as a mechanism of tolerance,
whereas inflammation promotes resistance but reduces tolerance
to parasites (Sears et al.,, 2011). The fact that the inflammatory
response causes resistance at the expense of tolerance suggests
that these distinct defence strategies are not as independent as
previously argued (Ayres and Schneider, 2008; Maze-Guilmo
et al.,, 2014), at least in systems where resistance is highly costly
and/or self-damaging. This, in turn, confirms that resistance, toler-
ance, virulence and parasite success are deeply inter-related. In our
system, the most tolerant host was also the least resistant and the
one with greatest parasite outputs, whereas the most resistant host
was the least tolerant, and the host lying between the other two in
terms of tolerance and resistance showed the highest virulence
levels. The inflammatory response to control the infection and, cru-
cially, its efficiency, appear to have a central mechanistic role
underlying those associations.

The efficiency of defence efforts has been neglected by previous
studies, as resistance has been traditionally measured as the out-
come of these efforts (Raberg et al., 2009), often not considering
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their magnitude (i.e. investment for parasite control). Here we
show that in phylogenetically related hosts that choose to resist,
virulence and parasite productivity depend on the efficiency of
resistance. Following Philornis infection, both Thornbird species
elicited an inflammatory response, initially higher in the Greater
Thornbird but sustained only in the Little Thornbird. These
responses proved to be efficient in reducing the parasite burden
in Little Thornbirds, whereas they achieved very limited parasite
control in Greater Thornbirds.

Undoubtedly, tolerance cannot be as passive as cancelling the
immune response. The host exploitation by the parasite and the
efforts elicited to reduce the damage must carry a cost to the phys-
iological economy of the host, which in Great Kiskadees was
observed as moderate reduction in RBC counts and growth, but
no effect on survival. Mechanisms of tolerance include tissue
repair, immunity against parasite toxins, and regulation of the
immune response to limit immunopathology (Raberg et al., 2009;
Sears et al., 2011; Medzhitov et al., 2012; Gause et al., 2013). Parts
of the tolerance mechanisms may be extrinsic to the hosts. One
plausible external mechanism of tolerance in our system might
be that food provision by parents may be greater in parasitized
than in non-parasitized nestlings, as has been reported for other
bird species (Bouslama et al., 2002; Hund et al., 2015). Indeed, evi-
dence indicates that Galapagos mocking birds tolerate the intro-
duced parasite P. downsi through this mechanism (Knutie et al.,
2016).

In a multi-host system, tolerance has the potential to create
positive feedback loops that reinforce selection of tolerant hosts,
leading to the establishment of specific associations. As this strat-
egy does not imply a negative selection pressure for parasites, the
‘arms race’ co-evolutionary dynamics of hosts and parasites does
not apply, and tolerance tends to become fixed (Roy and
Kirchner, 2000). In this way, host tolerance strategies can establish
evolutionarily stable host-pathogen associations which neither
host nor pathogen have an incentive to depart from. It has been
suggested that stable host-parasite associations based on toler-
ance could give rise to mutualism (Roy and Kirchner, 2000). The
fact that there is an overlap in the trophic niche of Kiskadees and
other birds that are greatly affected by Philornis (Alessio et al.,
2005), hints that breeding Philornis may aid Great Kiskadees in
their competition with other bird species (including Thornbirds).
Nonetheless, it should be considered that high tolerance in Great
Kiskadees might result in the evolution of greater within-host par-
asite growth, thus gradually tending to higher virulence (Miller
et al., 2006), which creates room for the trade-off theory for viru-
lence in this system.

As tolerance appears to be such a successful strategy against
Philornis, the fact that in this naturally co-evolving system some
hosts choose to resist requires an explanation. We hypothesize
that, in a multi-host system, one major benefit of resistance is
avoiding host selection. Host selection is a trait that has drawn
much attention for parasitoids and vectors (e.g. Henry et al,
2009; Campbell et al., 2013), but which has been often neglected
for other parasites. Parasites would tend to select hosts in which
their fitness is maximised, i.e. low resistance and high tolerance.
Switching to alternative hosts represents a cost to the parasite
(Leggett et al., 2013), and thus the evolutionary trend would be
avoiding highly resistant hosts. Data from trematode-amphibian
systems support this: cercariae discriminated among host species
and chose the tadpoles that least limited the infection (Sears
et al., 2012). The data provided here further supports this notion,
and may explain why P. torquans selects Thornbirds only when
the availability of Kiskadee nestlings has been low (Manzoli
et al., 2013). However, despite P. torquans larvae being much more
successful in Greater than in Little Thornbirds, the parasite does
not appear to prefer one over the other (see Section 3.1). This is

perhaps because both Phacellodomus spp. are too phylogenetically
close to be distinguished by the fly, but the current selection pres-
sure exerted by Little Thornbirds might eventually drive the fly to
evolve a way to tell one apart from the other.

The body of literature on zoonotic pathogens and emerging
infectious diseases often focuses on reservoir species, which main-
tain and are the main source of a given pathogen. It is known from
descriptive research that species deemed reservoir hosts are gener-
ally not significantly affected by infection; but quantitative studies
comparing defence strategies and parasite outputs in reservoir ver-
sus alternative hosts have not been available (Mandl et al., 2015).
Here we provide data that suggest that defence strategies in main
and alternative hosts are profoundly different. The common obser-
vation that reservoir hosts show little evidence of disease can be
explained by high tolerance, whereas its low resistance maximises
parasite fitness and transmission, reinforcing selection of reservoir
hosts by the parasite. Nonetheless, being able to use alternative
hosts is beneficial for the parasite to survive through times when
the main host has low availability. Transfer of a parasite to a novel
host is a common mechanism of disease emergence (Woolhouse
et al,, 2005; Allison et al., 2012). Infecting a new host species
imposes ecologically and evolutionary costs on the parasite, one
of which is loss of infectivity, which is referred to as the ‘species
barrier’ (Woolhouse et al., 2005). In this study we showed that this
reduction in parasite fitness may also occur when host switching
involves usual hosts and in the presence of co-evolutionary history.

The findings reported here support an expanded knowledge
about the consequences of differential defence strategies across
hosts and involve a number of implications that warrant further
investigation. They highlight the importance of defence strategies
in determining virulence and infection dynamics, suggest that
there are clearly distinct defence strategies between main and
alternative hosts, and hint that defence efficiency is a crucial inter-
vening element in these processes. They also open avenues for the-
oretical studies on the ecology and evolution of host-parasite
interactions, exploring the inclusion of heterogeneous defence
strategies and host selections in multihost-parasite systems.
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