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Abstract

Parasites are ubiquitous and are presumed to have strong negative effects on host
fitness. Despite this expectation, many parasites have negligible effects on their
hosts in nature. Two hypotheses can explain why this might occur. Hosts can
evolve resistance to parasites where their immune system attacks parasites (resis-
tance hypothesis). The resistance hypothesis predicts that parasite load will decrease
through time because of immune activity and that parasites have fitness costs to
hosts. Alternatively, hosts can evolve tolerance to parasites and invest little energy
in repelling attacks (tolerance hypothesis). The tolerance hypothesis predicts that
parasites have no fitness costs to hosts. We tested these hypotheses with mark-re-
capture data from six populations of a lizard host (Urosaurus ornatus) and two
common parasites (ectoparasitic Trombiculid mites and haemoparasitic Plasmod-
ium). We found that parasite load was unrelated to lizard growth rates or survival.
In addition, mite parasite load did not decrease through time. Thus, our data sup-
port the tolerance hypothesis. Ectoparasitic mites and haemoparasitic Plasmodium
are therefore unlikely to be strong drivers of variation in Urosaurus ornatus popu-
lation density at our study sites because of their negligible effects on host fitness.
We encourage ecologists to measure carefully the effects of parasites on hosts,
rather than assuming fitness costs of parasitism are present.

Introduction

Parasites are ubiquitous and are presumed to have strong nega-
tive effects on host fitness (Sheldon & Verhulst, 1996). Para-
sites decrease host fitness by decreasing reproduction or
survival, and the conflict between hosts and parasites often
imposes antagonistic arms-race selection pressures on both
(Decaestecker et al., 2007). Parasite virulence, measured as the
fitness cost on hosts, varies based on the life history strategies
of the parasite and of the host (Gandon, Agnew & Michalakis,
2002; Barrett et al., 2008), and on how long host–parasites
have been co-evolving (May & Anderson, 1990; Toft & Kar-
ter, 1990). For example, the reproductive strategy of the para-
site and its host specificity (Lajeunesse & Forbes, 2002) as
well as the relative investment in survival versus reproduction
of the host (Miller, White & Boots, 2007) affect virulence.
Parasites often have strong negative effects on host body

condition, survival and reproduction (Lehmann, 1993). The
pathological pathways through which parasites affect their
hosts are incredibly varied, but the pathways are often related
to energetic investment. For example, lizards infected with
haemogregarine blood parasites shift energy allocation towards
reproduction, which may decrease survival (Sorci, Clobert &
Michalakis, 1996). Sometimes, there is a direct survival cost to
increased parasite load; ectoparasite load decreases survival in

gerbils because ectoparasites cause anaemia (Lehmann, 1992).
In other cases, parasite infection decreases reproduction: birds
with mild chronic malaria from Plasmodium infection lay
fewer eggs and are less successful at raising offspring than
uninfected birds (Asghar et al., 2015).
Despite well-documented fitness costs of parasites (Leh-

mann, 1993), there are many examples of high parasite loads
having negligible effects on host fitness. Indeed, many para-
sites have almost undetectable effects on fitness in natural pop-
ulations (Bull & Burzacott, 1993; Brown, Shilton & Shine,
2006; Mayer et al., 2015; Jones et al., 2016). Why would
some parasites have strong fitness costs whereas others appar-
ently have none? Answering this question is necessary to
explain temporal and spatial patterns in host survival, repro-
duction and abundance. Several hypotheses have been pro-
posed to explain why parasites have undetectable fitness costs
on their hosts. First, the ability of hosts to attack parasites after
infection (resistance hypothesis) can reduce the cost of para-
sitism because parasites are attacked by the immune system
before parasites exert their fitness costs (R�aberg, Graham &
Read, 2009; Svensson & R�aberg, 2010). The resistance
hypothesis predicts that (1) individual infection load decreases
through time because of host immune activity attacking para-
sites and that (2) host fitness is negatively related to infection
load. Alternatively, the fitness costs of parasites may be low
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when hosts have high tolerance (R�aberg et al., 2009; Svensson
& R�aberg, 2010) that allow them to buffer the fitness costs
associated with a parasite attack (tolerance hypothesis). Toler-
ance of parasites can evolve independently of resistance
(Maz�e-Guilmo et al., 2014), and thus hosts may still have high
infection loads. The tolerance hypothesis predicts that (1) indi-
vidual infection load does not decrease through time and that
(2) host fitness is unrelated to infection load. These two
hypotheses for explaining why parasites may have negligible
fitness costs on hosts are not mutually exclusive, and there
may be variation between individuals in resistance and toler-
ance. Further, the host–parasite relationship is dynamic and the
red queen hypothesis predicts that both hosts and parasites will
continue to evolve defences against and attacks towards each
other (Decaestecker et al., 2007).
We tested the resistance and tolerance hypotheses about the

fitness costs of parasitism in a study system consisting of one
lizard host (Urosaurus ornatus) and two abundant parasites:
ectoparasitic Trombiculid mites and haemoparasitic Plasmod-
ium. There is evidence from studies in captivity that Plasmod-
ium infection affects traits correlated with fitness in lizards
(Schall, 1982), but limited evidence from field studies (Eisen,
2001). Trombiculid mites feed on blood and there is some evi-
dence they have effects on lizard fitness (Cox & John-Alder,
2007; Johnson, Lymburner & Blouin-Demers, 2019). We used
mark-recapture data collected at six sites over three years to
measure how parasite load affects growth and survival, and to
determine whether infection load changes through time. More
specifically, we started by exploring what drives variation
among hosts in parasite load. Then, we tested whether individ-
ual parasite load decreases (consistent with the resistance
hypothesis) or is stable or increases (consistent with the toler-
ance hypothesis) through time. Finally, we tested whether para-
site load decreases (consistent with the resistance hypothesis)
or is unrelated to (consistent with the tolerance hypothesis) fit-
ness. We used growth and survival as proxies for fitness.
Growth is a good fitness correlate in our study system because
body size is correlated with clutch size in females (Martin,
1977) and with social dominance in males (Carpenter, 1995).
Survival is also a good fitness correlate for our study system
because most ornate tree lizards only live for one breeding sea-
son and young lizards have low survival rates (Paterson &
Blouin-Demers, 2018a).

Materials and methods

Study species, study sites & parasite loads

The ornate tree lizard (Urosaurus ornatus) is a small, short-
lived, and widespread lizard that lives in the southwestern Uni-
ted States of America and northern Mexico. We studied ornate
tree lizards in the Chiricahua Mountains of southeastern Ari-
zona at six sites from 2014 to 2016. At our study sites, ornate
tree lizards hatch in late summer or early fall and reach matu-
rity the following spring. Thus, our study spanned three
cohorts of lizards. Adults have a snout-vent-length (SVL) of
48.6 � 0.1 mm (range 37.0–57.8 mm; Paterson & Blouin-
Demers, 2018b). Although most lizards survive one breeding

season only, some individuals can live more than 4 years
(Paterson & Blouin-Demers, 2018b). Each site (all separated
by >300 m) was 300 m long and followed a creek bed. Each
site extended 50 m perpendicular from the creek bed into the
adjacent upland habitat. The density of ornate tree lizards var-
ied from 11–251 lizards/ ha (Paterson & Blouin-Demers,
2018a); other lizard species present at the study sites included
striped plateau lizards (Sceloporus virgatus), Yarrow’s spiny
lizards (Sceloporus jarrovii), and Clark’s spiny lizards (Scelo-
porus clarkii). We captured ornate tree lizards during 12 cap-
ture sessions (four per year) at each site. Because we sampled
from May to August, all ornate tree lizards we captured were
sexually mature.
We conducted one capture session per day. During a capture

session, we walked continuously through the site and captured
lizards with a pole and lasso (Garc�ıa-mu~noz & Sillero, 2010).
At least two people searched the site at least three times. We
recorded the total search effort (person*hours) for each capture
session. We marked each individual lizard by heat-branding
scales with a medical cauterizer (Winne et al., 2006; Ekner
et al., 2011). We assumed that marks were permanent because
lizards from the first capture sessions had identifiable marks
more than two years later and because previous studies have
demonstrated marks are readable after three years (Winne
et al., 2006). We measured the SVL of each lizard with digital
calipers (�0.1 mm) and the mite infection load by counting
the number of Trombiculid mites on the body with a hand
lens. Tree lizards have small, stable home ranges during the
active season (M’Closkey, Baia & Russell, 1987; Paterson &
Blouin-Demers, 2018a) allowing repeated captures of individu-
als and thus making them particularly suitable for measuring
growth and survival.
In a subsample of lizards, we also examined blood smears

to quantify Plasmodium infection. We removed a single toe on
the hind right foot as part of a skeletochronology study (Pater-
son & Blouin-Demers, 2018b) and smeared blood on a glass
slide. We fixed slides in methanol for one minute and then
stained them with Wright–Gemsia stain. To assess Plasmodium
infection load, we examined 5000 red blood cells under a light
microscope at 400x magnification and counted the number of
infected red blood cells (Halliday et al., 2014; Watkins &
Blouin-Demers, 2019). We used the number of infected red
blood cells (per 5000 cells) as an index of Plasmodium para-
site load.

Variation in parasite load

To examine how mite infection load varied between captures
and lizards, we used a generalized linear mixed-effects model.
We used mite infection load as the response variable and body
size (SVL), sex and day of the year (quadratic) as fixed
effects. We included body size because larger individuals har-
bour more parasites in related lizard species in our study area
(Halliday et al., 2014; Watkins & Blouin-Demers, 2019) and
we included sex because male lizards often harbour more para-
sites than females (Klukowski & Nelson, 2001; Halliday et al.,
2014). We used a quadratic effect for day of the year because
environmental temperatures increase in the spring and decline
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once the summer monsoons start in mid-summer; a quadratic
effect fit the data significantly better than a linear effect (log-
likelihood ratio test, v2 = 76.30, P < 0.0001). We included
random effects for lizard identity nested within site, year, and
observation. We fit the model with a Poisson error distribution.
We included a random effect for observation because the data
were overdispersed. We analysed all data in R (R Core Team,
2017) and fit generalized linear mixed-effects models with the
lme4 package (Bates et al., 2015). We checked for multi-
collinearity between predictor variables in each model using
(generalized) variance inflation factors (VIFs); the VIFs in all
mixed-effects models were less than five and there was no evi-
dence of multicollinearity.
To test which variables were associated with Plasmodium

infection load, we used a generalized linear mixed-effects
model with infection load as the response variable, and SVL,
sex and day of the year (quadratic) as fixed effects. As above,
a quadratic effect fit the data better than a linear effect (log-
likelihood ratio test, v2 = 3.57, P = 0.06). We included site,
year and observation as random effects. We could not test for
changes in infection load between captures for Plasmodium
because we only sampled blood from lizards once. Finally, to
investigate the effects of co-infection on lizard hosts, we tested
whether mite infection load was related to Plasmodium infec-
tion load with a linear regression for instances where we
counted both parasites on the same individual at the same
time.

Variation in mite infection load through time

We tested how mite infection load varied over time with a lin-
ear mixed-effects model. For every lizard that we recaptured,
we measured the slope of the linear relationship between days
since first capture and mite infection load. We used the slope
estimate for change in mite infection load per day as the
response variable, and included fixed effects for the mean SVL
for each lizard and sex. We included site as a random effect.
We only included individuals caught more than once in this
analysis.

Fitness consequences of parasitism

We used two fitness proxies to test if parasitism reduced lizard fit-
ness. First, we used growth rates estimated from recaptures of
lizards. We divided the difference in SVL (SVL2–SVL1) by the
number of days between captures to quantify daily growth rate.
We removed inactive days between 1 November and 1 April
(Dunham, 1982) when lizards are not growing. For lizards cap-
tured multiple times, we estimated daily growth rate between the
first and last capture. We tested how growth rate was related to
mite infection load using a linear mixed-effects model with
growth rate as the response variable, the mean number of mites
on a lizard, sex and the starting body size (SVL) as fixed effect
predictors. We included site as a random effect. We tested how
growth rate was related to Plasmodium infection using a linear
mixed-effects model with growth rate as the response variable,
Plasmodium infection load, initial SVL and sex as fixed effect
predictors. We included site as a random effect.

Second, we estimated the effect of mite infection on
monthly survival using mark-recapture models and estimated
the effect of Plasmodium infection on annual survival with
generalized linear mixed-effects models. We estimated the
effect of mite infection load on survival using Cormack-
Jolly-Seber (CJS) models (Jolly, 1965; Seber, 1965; Cormack,
1989) with the package RMark (Laake, 2013) to access the
program MARK (White & Burnham, 1999). We fit CJS
models using maximum likelihood to estimate apparent sur-
vival (/), the probability of an individual surviving to the
next month and not permanently emigrating, and detection
probability (p), the probability of a lizard being captured dur-
ing a capture event. To test the effect of mite infection on
/, we used an individual covariate for the mean number of
mites counted on a lizard. We also included an individual
covariate for body size (mean SVL) because larger lizards
harboured more mites. We started with a general model
where / varied with mean SVL, mean number of mites, sex,
season (active season 2 April to 31 October; inactive season
1 November to 1 April), and year. In the general model, p
was a function of sex, search effort (person*hours per cap-
ture session) and weather. To include a covariate of weather
on p, we used a principal component analysis on daily sum-
maries of precipitation, maximum temperature, minimum tem-
perature and mean observed temperature from a nearby
weather station at the Southwestern Research Station operated
by the National Oceanic and Atmospheric Administration
(Menne et al., 2012). We conducted model selection in two
steps. First, we constructed all subsets of the general model
for p with the full variable set for / and ranked them using
(Q)AICc for each site (Burnham & Anderson, 2002) to deter-
mine the most-supported model explaining variation in detec-
tion probability. Next, we tested all subsets of the general
model for / using the most-supported variables explaining
variation in p. If there was more than one model with strong
support when we performed selection for variation in p (<2
(Q) AICc from the most-supported model), then we included
those variables in the model selection for /. We tested for
goodness-of-fit on the general model by estimating the vari-
ance inflation factor (ĉ) using the median, bootstrap and
Fletcher methods (Lebreton et al., 1992; Fletcher, 2012). For
models with a ĉ greater than 1, we adjusted model results
for this extra-binomial noise using the largest estimate of ĉ.
The individual covariate effects of body size and mite load
were not included in our estimates of ĉ because there are no
goodness-of-fit tests for CJS models with individual covari-
ates (White & Burnham, 1999).
To assess whether infection with Plasmodium affected sur-

vival rates, we compared the number of lizards that survived
to the next year to Plasmodium infection load. We did not use
mark-recapture models because only a subsample of lizards at
each site were assessed for Plasmodium infection and we sam-
pled lizards for Plasmodium infection only once. We used a
generalized linear mixed-effects model with survival to the
next year as the response (binary), and Plasmodium infection
load, sex, and SVL as fixed effect predictors. We included a
random effect for site and fit the model with a binomial error
structure.
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Results

Variation in parasite load

In 1539 captures of 1000 lizards (1.5 � 0.03 captures per
lizard, range 1–8 captures per lizard), lizards harboured at least
one mite on their body on 1136 (74%) occasions. Mite load
varied from 0 to 120 mites per lizard (mean = 9, median = 4).
Larger lizards harboured more mites (Wald v2 = 4.80,
P = 0.03), males (11 � 0.55) harboured more mites than
females (7 � 0.42, Wald v2 = 72.59, P < 0.001), and infection
was most intense in the middle of the active season (Wald
v2 = 76.39, P < 0.001; Fig. 1; Table S1). There were consider-
able differences between observations (variance = 0.78), lizard
identity (variance = 0.73), and site (variance = 0.68). There
were only minor differences in mite infection load between
years (variance = 0.05).
In a subsample of 416 lizards, 110 (26%) were infected with

Plasmodium. The infection load varied from 0 to 300 infected
cells per 5000 (mean = 12, median = 0). Again, larger lizards
had higher infection loads (Wald v2 = 35.28, P < 0.001) and
males (14 � 2 infected per 5000 red blood cells) were more
infected than females (10 � 2 infected per 5000 red blood
cells; Wald v2 = 9.60, P = 0.002; Table S2). The Plasmodium
infection load was highest in the middle of the active season
(Wald v2 = 3.44, P = 0.06). There were considerable differ-
ences between observations (variance = 6.65), site (vari-
ance = 1.26), and year (variance = 0.52) in Plasmodium
infection load.
Mite infection load and Plasmodium infection loads were

unrelated (F = 0.93, d.f. = 1, 414, P = 0.33).

Variation in mite infection load through time

There was no evidence that individual mite load changed over
time (slope: �0.22 � 0.35 mites per day, F = 0.35, d.f. = 1,
193, P = 0.56; Fig. 2; Table S3) for lizards caught multiple

times (n = 352). Changes in mite infection load did not differ
between sites (site variance estimate <0.001).

Fitness consequences of parasitism

Lizard growth rate was unaffected by mite load (n = 345
lizards, F = 1.86, d.f. = 1, 48, P = 0.18; Fig. 3a; Table S4).
Although unrelated to our predictions, it is interesting to note
that females and males grew at similar rates (F = 1.52,
d.f. = 1, 322, P = 0.22) and that growth rate decreased linearly
with body size (F = 144.91, d.f. = 1, 278, P < 0.001). Site did
not affect lizard growth rates (variance of random site effect
<0.001).
Survival was not strongly affected by the number of mites har-

boured by a lizard at any of the six study sites (Fig. 3b). The gen-
eral mark-recapture models all fit the data well (ĉ <4 at all sites;
Table S5). The model tables for each site are presented in
Tables S6–S11. The coefficient for the effect of mite infection
load on survival rate was not significantly different from zero in
the most-supported model at any study site (Fig. 3b).
Growth rates were unrelated to Plasmodium infection load

(n = 122, F = 0.01, d.f. = 1, 108, P = 0.91; Fig. 4a;
Table S12). Growth rates did not vary between sites (variance
<0.001). Of 276 lizards sampled in 2014 and 2015, 21 infected
lizards and 37 uninfected lizards were caught the following
year. Lizards more heavily infected with Plasmodium were
slightly more likely to survive to the next year
(ß = 0.0087 � 0.0038; Wald v2 = 5.38, P = 0.02; Fig. 4b;
Table S13). Survival to the next year was unaffected by sex
(Wald v2 = 0.04, P = 0.84) or body size (Wald v2 = 1.47,
P = 0.22). Survival to the next year did not vary between sites
(variance <0.001).

Discussion

Based on three years of mark-recapture data on one thousand
lizards, we show that their two common parasites do not have
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detectable effects on fitness as estimated from growth rates and
survival. The lack of fitness costs of parasitism in lizard hosts
is likely because of tolerance, rather than because of resistance
through immune activity. The lizard hosts’ parasite loads did
not decrease through time and we did not detect any fitness
costs, even with very high parasite loads.
Larger lizards harboured more parasites. This association

between parasite load and body size is consistent with previous
observations in lizards (Schall, 1996; Garrido & P�erez-Mel-
lado, 2013; Halliday et al., 2014) and fish (Lo, Morand & Gal-
zin, 1998). Larger hosts may harbour more parasites because
they have more surface area for attachment or entry, are easier
to detect by parasites and their vectors, or because larger hosts

are older and have had a longer time to accumulate parasites
(Ruby & Dunham, 1984; Lo et al., 1998; Blackenhorn, 2000;
Watkins & Blouin-Demers, 2019). Considering that blood-feed-
ing mite larvae and haemoparasitic Plasmodium infection did
not decrease survival rates or growth rates of ornate tree lizard
hosts, we posit that likely mechanisms are that older and larger
hosts have more time to accumulate a higher parasite load, are
easier to detect by parasites, or provide more space for attach-
ment.
The number of mites a lizard harboured did not decrease

through time, which is consistent with the tolerance hypothesis.
Stability in mite parasite load occurred either because lizard
hosts did not invest significantly in immune activity to attack
parasites once infected, or because the immune activity was
insufficient to decrease a host’s infection load. Mite infection
is associated with increased immune activity in other lizard
species (Huyghe et al., 2010), but the relationship was weak
and peaked at intermediate mite infection loads (quadratic rela-
tionship). Thus, the relationship between ectoparasitic mite
load and immune activity in lizard hosts may be complex and
non-linear. If ectoparasitic mites have coevolved with ornate
tree lizards to have low virulence, then hosts should only
invest a small amount of energy in attacking parasites because
there is little to no fitness cost of parasitism. We did not mea-
sure immune activity of lizards directly; measuring the relation-
ship between host–parasite load and immune activity by
manipulating the number of ectoparasitic mites would provide
a stronger test of the predictions of the resistance hypothesis.
Neither mite nor Plasmodium parasite load decreased fitness

proxies in ornate tree lizards. Variance in lizard growth rates
was explained by the starting body size of the lizard, as
expected from asymptotic growth in ornate tree lizards (Pater-
son & Blouin-Demers, 2018b). Lizard survival was unrelated
to mite parasite load at any of the six study sites. Lizard sur-
vival increased with Plasmodium infection loads (opposite of
our prediction), but the effect was small with wide confidence
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intervals and few lizards had very high Plasmodium infection
loads. We studied lizards and their parasites in six populations
that varied widely in density (Paterson & Blouin-Demers,
2018a), so it is unlikely our results are unrepresentative of this
host–parasite system. Our data are consistent with several stud-
ies where parasites had negligible fitness consequences on
hosts and where host–parasite pairs have a long coevolutionary
history (Bull & Burzacott, 1993; Brown et al., 2006; Mayer
et al., 2015). It is possible fitness costs of parasitism in this
system may manifest themselves in other responses, such as
effects on reproductive output (Schwanz, 2008) or may only
occur during extreme conditions (Jones et al., 2016). Future
work should investigate the effects of mite and Plasmodium
infection on reproductive output and whether the host–parasite
relationship changes during extreme environmental conditions.
Our study was observational, and our inferences are thus

limited to the variation in parasite load and the hosts we sam-
pled in our study populations. One limitation to our approach
is that there may be unobservable patterns arising from the
sampling process. If high parasite loads cause hosts to die
quickly, our sampling may have missed these individuals and
thus our observations are only of more tolerant individuals.
For example, fitness costs of chytridiomycosis in anurans
develop beyond a threshold of parasite load (Stockwell, Clu-
low & Mahony, 2010). Future tests of the fitness costs of para-
sites should include experimental manipulation of parasite load
in natural conditions to rule out the possibility of a threshold
effect of parasite load on lizard fitness.
Overall, our data on the effects of parasite infection on

lizard hosts are consistent with the tolerance hypothesis, but
not with the resistance hypothesis. Given the high tolerance to
parasites and the negligible effects of parasite load on fitness,
ectoparasitic mites and haemoparasiticPlasmodium are unlikely
to be important factors driving variation in ornate tree lizard
population density at our study sites. Parasites might still
impact their lizard hosts, but we could not detect the cost of
parasitism in survival or growth rates. We encourage ecologists

to measure carefully the effects of parasites on hosts, rather
than assuming fitness costs of parasitism are present.
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Figure 4 The effect of Plasmodium infection load on (a) growth rate (n = 122) and (b) probability of surviving to the next year (n = 273) for
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