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A B S T R A C T

It is generally accepted that parasites exert negative effects on their hosts and that natural selection favors

specific host responses that mitigate this impact. It is also known that some components of the host immune

system often co-evolve with parasite antigens resulting in a host-parasite arms race. In addition to im-

munological components of the anti-parasitic response, host behavioral responses are also important in this arms

race and natural selection may favor avoidance strategies that preclude contact with parasites, or shifts in the

host’s thermoregulatory strategy to combat active infections (e.g., behavioral fever). Ticks are widespread

parasites with direct and indirect costs on their vertebrate hosts. Their saliva provokes hemolysis in the blood of

their hosts and can transmit a plethora of tick-borne pathogens. We enquired whether tick infestation by Ixodes

pacificus can provoke a thermoregulatory response in Sceloporus occidentalis. For this, we compared the ther-

moregulatory behavior of tick-infested lizards against tick-infested lizards co-infected with two different species

of coccidians (Lankesterella occidentalis and Acroeimeria sceloporis). After this, lizards were kept in individual

terraria with a basking spot and fed ad libitum. We found that tick-infested lizards sought cooler temperatures in

proportion to their tick load, and this response was independent of the co-infection status by L. occidentalis. This

was consistent in April and June (when tick loads were significantly lower) and suggests a conservative strategy

to save energy which might have been selected to overcome tick infestations during phenological peaks of this

parasite. However, this behavior was not observed in lizards co-infected with A. sceloporis, suggesting that co-

infection with this intestinal parasite prompt lizards to be active. Cost of tick infestation was confirmed because

housed lizards lost weight at a constant ratio to initial tick load, independently of other infections. The broader

implications of these findings are discussed in the context of climate change.

1. Introduction

Ectothermic animals have a limited physiological capacity to modify

their body temperature and must compensate through selecting thermal

microhabitats that match their physiological requirements (Stevenson,

1985; Zimmerman et al., 1994; Schultz, 1998). Indeed, ectotherms tend

to maintain their body temperature in a range close to their thermal

preference (Sinervo, 1990; Seebacher and Franklin, 2005). However,

interspecific interactions may influence thermal preferences of com-

peting organisms and this represents a particular case of behavioral

interference (e.g., Downes and Bauwens, 2002). For example, naïve

endemic lizards may select lower temperatures when they interact with

more competitive species for basking spots (Downes and Bauwens,

2002; Žagar et al., 2015). Similarly, host-parasite interactions represent

a particular case of interference competition and a systemic in-

flammation provoked by a parasite may induce an alteration of the

thermoregulatory response of the host (sensu Birch, 1957). This espe-

cially occurs when parasites differ in optimal growth temperatures with

their host’s thermal preferences and “manipulate” the thermoregulatory

behavior of hosts, which may result in the parasite’s benefit (Schmid-

Hempel, 2011). Alternatively, post-infection changes in the host’s

thermoregulatory behavior might benefit both the host and the parasite
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(e.g., Campbell et al., 2010). However, by definition, parasites exert a

negative effect on their hosts’ fitness (e.g., Martínez-de la Puente et al.,

2010; Sarasa et al., 2011) and thus, in general, selection may favor

thermoregulatory behaviors that reduce the negative effects of infection

and increase host lifespan, typically by increasing the host’s preference

for higher temperatures (Kluger et al., 1975; Ouedraogo et al., 2004;

Richards-Zawacki, 2010). However, increasing body temperature may

compromise other physiological functions (Baracos et al., 1987) and we

may expect that the intensity and direction of the thermoregulatory

response will depend on the virulence of the parasite (Żbikowska,

2011). Indeed, it is expected that infections will provoke a behavioral

response when benefits of such response outweigh its physiological

costs (Adamo, 1998; Zamora-Camacho et al., 2016).

To complicate things, the thermoregulatory response to infections

may be sequential, especially in endotherms, and alternates between

two sickness patterns: hypothermia and fever (Romanovsky and

Székely, 1998; Almeida et al., 2006). However, this sequential ther-

moregulatory pattern has rarely been reported in ectotherms. For ex-

ample, after injection with a bacterial lipopolysaccharide most of the

tested yearling green iguanas, Iguana iguana, developed a cold-seeking

behavior, resulting in hypothermia, but some developed a heat-seeking

behavior, resulting in behavioral fever. This last group of iguanas

shifted towards a cold-seeking behavior after several days post-injection

(Deen and Hutchison, 2001). This was interpreted as a conservative

thermoregulatory strategy aimed to save energy in response to the drop

in mass of the individuals during the trial period (Deen and Hutchison,

2001). Thus, as compared to endotherms, infected ectotherms may

select lower temperatures, which cools their body (= hypothermia)

(Lefcort and Bayne, 1991; Moore and Freehling, 2002; Paranjpe et al.,

2014), or alternatively, they can develop behavioral fever through se-

lection of warmer temperatures (Kluger et al., 1975; Campbell et al.,

2010; Richards-Zawacki, 2010). Nonetheless, Romanovsky and Székely

(1998) suggested that both behavioral responses, fever and hy-

pothermia, are not exclusive but complementary strategies of survival

during systemic inflammation. Despite associated costs, the former

ensures the active fight against the infection, whereas hypothermia is

an important adaptive response that protects vital organs during bouts

of metabolic trauma, including infections (Romanovsky and Székely,

1998; Deen and Hutchison, 2001; Peterson et al., 2003).

Projected models of climate change forecast a profound impact on

thermal niches with dramatic repercussions in the next decades

(Sinervo et al., 2010; Hoffmann and Sgro, 2011). Thermal alteration of

ecosystems is already affecting populations across taxa (reviewed in

Walther et al., 2002) and it is also affecting ecological interactions (e.g.,

Winder and Schindler, 2004; Yang and Rudolf, 2010). Alterations of

host-parasite assemblages and parasite phenological cycles are also

among the predicted consequences of climate change (e.g., Ogden et al.,

2008; Levi et al., 2015). In this study, we aim to explore the role of

parasitic infections in the thermal ecology of an ectothermic vertebrate

model species, a matter poorly explored before. We focus here on the

association between the western fence lizard, Sceloporus occidentalis,

and the western black-legged tick, Ixodes pacificus. Although this tick

species can use small mammals and birds as hosts, it prefers the western

fence lizard (Eisen et al., 2004). Infestation by this tick may induce

hemolysis in the blood of S. occidentalis, and appears to reduce the li-

zard’s body condition when tick infestation concurs with malarial in-

fection (Dunlap and Mathies, 1993). In addition, during feeding, ticks

pump their saliva into the host’s blood stream (Francischetti et al.,

2009; Šimo et al., 2017) and this fluid contains immunomodulatory

molecules that enable the contingent invasion by a wide plethora of

tick-borne pathogens (Šimo et al., 2017). Furthermore, this tick species

is an important vector for the Lyme disease spirochete, Borrelia burg-

dorferi sensu stricto (Burgdorfer et al., 1985; Clover and Lane, 1995).

Interestingly, an active compound in the blood of lizards kills spir-

ochetes of the Lyme borreliosis (Lane and Quistad, 1998; Lane et al.,

2006) and, may be important natural filters limiting the transmission of

some pathogen genotypes associated to this disease (Lane, 1990; Schall

et al., 1999 but also see Majláthová et al., 2008). Therefore, tick in-

festations are costly to host lizards and, hence, we hypothesize that

lizards may show behavioral responses that mitigate symptoms. In this

sense, we predict that lizards infested with more ticks will choose lower

temperatures than lizards infested with less ticks to save energy. To test

this, we recorded the preferred temperatures of lizards in an experi-

mental thermal gradient and then fed and housed them for 11 days in

terraria with thermal gradients that mimic natural conditions. Our

prediction that tick infestation is costly to lizards would be supported if

1) lizards respond to tick infestation with behavioral hypothermia,

which might limit the costs of tick infection and reduce blood drawn,

rather than behavioral fever, which is unlikely to harm the ticks, and

may only increase the ticks’ ability to draw resources from the lizards;

and 2), as a likely consequence of blood drawn, they will lose weight

proportionally to their initial tick load.

2. Material and methods

2.1. Sampling

In 2014 we captured 77 adult (males= 47, females= 30) coast

range fence lizards, Sceloporus occidentalis bocourtii (Squamata:

Phrynosomatidae), at Santa Cruz County, CA, USA (36.9852,

-122.0614) during two sampling periods in April and June (beginning

and ending of the host breeding season, respectively). In mid-April we

captured 42 lizards and in early June 35 lizards. All lizards were caught

using a noose and were transported to the lab facilities in a cooler. The

sex of the individuals was determined by the presence of enlarged post-

anal scales (Cox et al., 2005; Megía-Palma et al., 2018). As a measure of

body size, snout to vent length (SVL) of the lizards was measured with a

ruler to the nearest millimeter and their mass to the nearest gram using

a digital scale. A body condition index was estimated using the Scaled

Mass index (SMi). This estimation accounts for the growth effect on

body size as well as for the scaling relationship between mass and body

length (Peig and Green, 2009, 2010), and it is calculated using the

standardized major-axis of the mass on body length (following

Bohonak, 2004).

2.2. Housing

A second mass measurement of the lizards captured in April

(N= 42) was taken 11 days post-capture. Thus, during this period, the

lizards were housed individually in plastic terraria with a damp sub-

strate of peat moss and sand, and were provided with water and food

(crickets dusted with vitamins and calcium) ad libitum. The terraria

were kept in an environmental chamber with a 12L:12D photoperiod

provided by natural spectrum fluorescent and ultraviolet lights and a

cycling thermal regime. We used one empty terrarium with substrate to

register standard temperatures 24 h/day every 5min during 11 days

with a data logger (hobo U23-002, Onset, Cape Cod, Massachusetts,

USA). We set one probe of the data logger in one corner of the cage

under the heat source (i.e., 40W bulb) and other probe in the opposite

corner.

2.3. Thermal behavior

Within two days of capture lizards were allowed to select tem-

peratures in experimental thermal gradients (i.e., 48-25 °C) and their

body temperature was recorded every minute during the 120min trial

(as in Paranjpe et al., 2013). Preferred temperature (Tp) was later cal-

culated as the arithmetic mean of measured body temperatures (Pough

and Gans, 1982). Standard deviations of body temperatures (SD) were

also calculated. Thus, lizards with high SD have low precision of ther-

moregulation (Paranjpe et al., 2013). Maximum and minimum body

temperatures of each individual were also registered as measures of
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voluntarily selected temperatures (Tmax.v, and Tmin.v). In addition to

these measurements of thermal preference, we also investigated the

parasitic infections of these lizards. The same person (RM-P) quantified

the number of ticks on the lizards (i.e., tick load) within the first day of

capture and at day 11. We differentiated between non-fed and fed ticks

and classified them based on their turgor, quantifying them separately.

Nymphs and larvae of I. pacificus have been described to infect S. oc-

cidentalis in California (Castro and Wright, 2007), unfortunately we

were unable to differentiate the tick development stages based on their

differential number of legs (3 in larvae and 4 in nymphs) because they

keep them hidden under their body during feeding. In addition, fol-

lowing the methods described in Megía-Palma et al. (2018), the same

person (RM-P) diagnosed chronic infections by hematic (i.e., Lankes-

terella occidentalis) and intestinal (i.e., Acroeimeria sceloporis) coccidians

only once at the beginning of the trials.

2.4. Statistical analyses

2.4.1. Parasitic infections

Generalized linear models (GLMs) were used to investigate factors

explaining tick prevalence and total tick load. To test tick prevalence

we fitted a GLM with binomial distribution linked to a logit function

with tick presence as response and month, sex, SVL, SMi, and presence

of A. sceloporis and L. occidentalis as predictors. To analyze predictors

explaining total tick load we fitted a GLM with negative binomial dis-

tribution, which suits the typically over-dispersed distribution of

parasite counts (Pennycuick, 1971). The error term of the model was

linked to a logit function with total tick load as response and month,

sex, SVL, SMi, and presence of A. sceloporis and L. occidentalis as pre-

dictors. Furthermore, we ran three non-parametric Wilcoxon matched

pairs tests to compare 1) total tick load, 2) number of fed, and 3)

number of non-fed ticks of the lizards maintained in captivity between

the beginning and the end of the experiment. We also investigated

factors explaining the prevalence (absence/presence) of A. sceloporis,

and L. occidentalis. For this, we fitted two separated GLMs with binomial

distribution linked to a logit function with A. sceloporis and L. occi-

dentalis as response and month, sex, SVL, SMi, and tick load as pre-

dictors.

2.4.2. Effect of infections on thermoregulatory behavior

We investigated different parasitic infections, and their interactions,

as predictors on both lizards’ thermal preferences in the laboratory and

mass loss. As a preliminary analysis and to ascertain independence

among the thermal variables used here (i.e., Tp, SD, Tmax.v, and Tmin.v),

we ran a correlation matrix for these parameters. Then, we performed

general linear analyses including month of capture, sex, SVL, SMi, tick

load, co-infection status: 0 = none, 1 = A. sceloporis, 2 = L. occi-

dentalis, 3 = A. sceloporis + L. occidentalis, and tick load*co-infection

status as predictors of Tp, SD, maximum, and minimum temperatures in

separate analyses. We confirmed normality of all models after testing

their deviance residuals with Shapiro-Wilk’s normality tests. In addi-

tion, we controlled the observed heteroscedasticity of model residuals

by applying a “sandwich” correction (Zeileis, 2006). Thus, we present

the coefficients for corrected models. All analyses were performed in R

v.3.4.3 (R core Team, 2017).

2.4.3. Effect of infections on body mass

We also studied the within-individual body mass change as a

function of the different parasites investigated here. For this, we ran a

general linear mixed analysis (GLMM) where individual was set as

random factor and body mass as response variable. Day of measure-

ment, sex, body size (SVL), tick load, and co-infection status were set as

predictors. In addition, environmental temperature and temperature

preferences of the lizards may influence the metabolic activity of the

lizards and, therefore, their energy expenditure (Seebacher and

Franklin, 2005). Therefore, we compared the suitability of two

alternative models: one that included Tmax.v as predictor, and other

model that included Tp as predictor. The model that included Tmax.v had

a ΔAICc = -2.05 as compared to the alternative model that included Tp.

Thus, along with the remaining predictors commented, we also in-

cluded Tmax.v in the final model.

3. Results

3.1. Thermal characteristic of plastic terraria

Lizards captured in April were maintained in captivity during 11

days. During the day time (7 AM – 7 PM) and in the warmest spot of the

model terrarium, mean ± SE substrate temperature was

31.5 ± 0.09 °C (mode=30.2 °C; maximum=39.1 °C, minimum

=17.6 °C). The soil temperatures reflect the water loss from the peat/

soil mixture, and a basking lizard (under the heat source) can readily

attain preferred body temperatures, or retreat to the opposite side of the

terraria to achieve lower body temperatures (Tb). In the coolest spot of

the terrarium, mean ± SE substrate temperature was 25.6 ± 0.1 °C

(mode=24.9 °C; maximum=38.8 °C, minimum=16.8 °C). Thus, the

modal difference between the two thermal extremes in the model ter-

rarium evaluated was 4.8 °C. During the night period (7 PM – 7 AM),

with no heat source connected, substrate mean ± SE temperature was

19.7 ± 0.02 (mode= 19.5 °C; maximum=29.3 °C, minimum=

16.0 °C).

3.2. Parasitic infections

There were significant differences in parasite prevalence between

April and June (Fig. 1). Lizards captured in April were more often in-

fected by ticks, I. pacificus (100% vs. 54.3%), and intestinal coccidians,

A. sceloporis (73.8% vs. 28.6%). However, the observed difference in

prevalence of the hematic coccidian, L. occidentalis (16.7% vs. 37.1%,

χ2= 4.2, P= 0.04) was not significant when the model was controlled

by other co-variables (Table 1). The prevalence of A. sceloporis (53.2%)

doubled the prevalence of L. occidentalis in the sample (26%)

(χ2= 11.97, P= 0.0005). Mean± standard error tick load was also

significantly higher in April than in June (April mean± SE infestation

= 18.4±2.2, mode = 20, range = 1–61 vs. June mean± SE in-

festation = 1.02±0.2, mode = 0, range = 0–7, Z = -11.00, P <

0.0001, estimate = 1.60). The prevalence of double co-infections (A.

sceloporis + L. occidentalis) was 13%, which did not significantly differ

between April and June (χ2= 0.15, P= 0.69). Furthermore, total tick

load decreased significantly after the 11 days that lizards were main-

tained in terraria (day 1 = 18.4± 2.2, day 11 = 7.8± 1.3) (Wilcoxon

matched pairs test: Z=3.66, P < 0.001). Specifically, the number of

non-fed ticks did not change during this period (Z = 1.09, P= 0.27),

but the number of fed ticks significantly decreased (Z = 5.31, P <

Fig. 1. Monthly distribution of tick and coccidian prevalence. Asterisks show

significant differences (n.s. = non-significant difference).
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0.0001; Fig. 2). Beside differences in tick load between April and June,

total tick load was also positively and significantly related to body size

(Z=2.52, P= 0.014, estimate = 0.10) (Table 1).

3.3. Effects of infections of thermoregulatory behavior

The correlation matrix revealed a high correlation of Tp with Tmax.v
(r= 0.73) and a low significant correlation with Tmin.v (r= 0.27). SD

was significantly correlated with both Tmax.v and Tmin.v (r= 0.44 and r

= -0.69, respectively). Lizards’ mean Tp was 35.6 ± 0.2 °C. However,

this varied between April (34.9 ± 0.2 °C, range=37.3-31.3 °C) and

June (36.4 ± 0.2 °C, range= 38.9-33.6 °C) (Table 2). Lizards in April

tended to be more precise in selecting temperatures (SD=0.9 ± 0.06)

than in June (SD=1.4 ± 0.08). In addition to the effect of the month,

lizards’ Tp was significantly explained by the interaction total tick

load*co-infection status (Table 2). Total tick load was highly correlated

with both the number of fed (r= 0.98, P < 0.0001) and non-fed ticks

(r = 0.70, P < 0.0001). Thus, identical conclusions were obtained

when they were alternatively included in the model of Tp (maximum

ΔAICc between the three alternative models= 1). Importantly, tick

load and Tp were negatively and significantly related in non-co-infected

lizards (r = -0.66, P= 0.0003) or in lizards co-infected with L. occi-

dentalis (i.e., hematic coccidian) (r = -0.69, P= 0.03). However, this

relationship was lost when individuals were co-infected with intestinal

coccidians (i.e., A. sceloporis alone: r = -0.17, P= 0.36; or A. sceloporis

+ L. occidentalis: r= 0.27, P= 0.44) (Fig. 3). In addition, independent

of parasitic infections, there was a marginally significant difference in

Tp between April (mean ± SE Tp= 34.9 ± 0.2 °C) and June

(36.4 ± 0.2 °C). Similarly, and likely associated to the high correlation

between Tp and Tmax.v, variation in voluntary maxima (Tmax.v) was best

explained by differences between April (37.2 ± 0.3 °C) and June

(39.3 ± 0.17 °C) and the interaction total tick load*co-infection status.

Thus, Tmax.v values were negatively and significantly correlated with

tick load in lizards if these were infested with ticks only (r = -0.57, P=

0.002), or co-infected with L. occidentalis (r = -0.89, P= 0.0006).

However, this relationship was not significant in co-infected lizards

with A. sceloporis alone (r = -0.30, P= 0.10), or A. sceloporis in

combination with L. occidentalis (r = -0.18, P= 0.61). Variation in

voluntary minima (Tmin.v) was significantly explained by body size: the

larger the lizards the lower their Tmin.v. In addition, there was a sig-

nificant quadratic relationship between Tmin.v and tick load, although it

was only marginally significant (Table 2).

Table 1

Generalized linear ANCOVAs showing main effects of month (April= 1, June= 2), sex (males= 1, females= 2), body size, body condition, and the other parasites

studied here on the presence of coccidians, and the presence and abundance of ticks (0 = uninfected, 1 = infected). Asterisks indicate significance level (* P < 0.05,

** P < 0.01, *** P < 0.001). Estimate coefficients are shown for significant predictors.

Tick loadtotal Tick prevalence A. sceloporis prevalence L. occidentalis prevalence

Estimate (SE) z value Estimate (SE) z value Estimate (SE) z value Estimate (SE) z value

Month 1.60 (0.14) 11.36*** 9.79 (0.36) 19.43*** 0.95 (0.28) 3.18** ̶ −1.50

Sex ̶ 1.26 ̶ −0.10 ̶ −0.39 ̶ 1.28

A. sceloporis ̶ 0.78 ̶ −0.16 ̶ ̶ ̶ −1.18

L. occidentalis ̶ −0.68 ̶ −0.52 ̶ −0.68 ̶ ̶

Tick loadtotal ̶ ̶ ̶ ̶ ̶ −0.44 ̶ 0.24

SVL 0.10 (0.04) 2.52* ̶ −0.82 ̶ 1.54 ̶ −0.48

SMi ̶ −1.53 ̶ 0.91 ̶ −1.50 ̶ 1.13

Residuals 70

Fig. 2. Mean ± standard error load of fed versus non-fed ticks at the beginning

and the end of the 11 days that lizards were kept in captivity. Asterisks show

significant differences (n.s. = non-significant difference).

Table 2

General linear ANCOVAs showing main and interaction effects of tick load and co-infections (0 = ticks only, 1 = A. sceloporis, 2 = L. occidentalis, 3 = A. sceloporis+

L. occidentalis) on mean selected temperature (Tp), thermoregulation precision (SD), and voluntary minimum (Tmin.v) and maximum (Tmax.v) temperatures selected by

S. occidentalis under laboratory conditions. Degrees of freedom=d.f. Significant results at P-value<0.05 are shown in bold. Global r-squared (R2) is provided for

each model. Estimate coefficients are shown for significant predictors.

Tp SD Tmax.v Tmin.v

d.f. Estimate (SE) F P Estimate (SE) F P Estimate (SE) F P Estimate (SE) F P

Month 1 −0.67 (0.29) 4.36 0.04 ̶ 3.50 0.07 −1.17 (0.32) 14.50 < 0.0001 ̶ 0.00 0.97

SVL 1 ̶ 0.09 0.77 ̶ 1.71 0.19 ̶ 0.13 0.72 −0.26 (0.11) 5.23 0.025

SMi 1 ̶ 0.03 0.87 ̶ 0.25 0.62 ̶ 0.02 0.88 ̶ 2.79 0.10

Sex 1 ̶ 0.00 0.98 ̶ 0.11 0.73 ̶ 0.91 0.34 ̶ 1.51 0.22

Co-infection 3 ̶ 0.87 0.46 ̶ 0.77 0.51 ̶ 1.34 0.27 ̶ 1.24 0.30

Tick load 1 ̶ 0.00 0.97 ̶ 2.09 0.15 ̶ 0.08 0.78 0.06 (0.03) 4.10 0.047

Tick load : co-

infection

3 −0.04 (0.02),−

0.001 (0.02), -0.01

(0.03)

4.51 0.006 ̶ 0.49 0.69 −0.02 (0.02),−0.02

(0.02),−

0.01 (0.04)

3.09 0.033 ̶ 0.69 0.56

Residuals 65

R2 0.31 0.35 0.39 0.34
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3.4. Effects of infections on body mass

There was a general and significant loss of body mass after 11 days

(χ21, 29 = 87.74, P < 0.0001; Table 3) and three lizards died.

Mean ± SE mass of lizards was 8.15 ± 0.48 g at first day, and

7.23 ± 0.43 g at day 11. Thus, mean ± SE body mass loss was

0.92 ± 0.07 g, and this ranged from 0.11 to 1.8 g. Body mass loss was

significantly and negatively related to tick load at capture (χ21, 29 =

6.04, P= 0.014; Fig. 4), SVL (χ21, 29= 591.82, P < 0.0001), and

Tmax.v (χ
2
1, 29= 6.35, P= 0.011) (Table 3). Thus, larger lizards lost

more body mass. Independent of this, lizards that voluntarily selected

higher temperatures at the beginning of the experiment and had more

ticks also experienced a higher body mass loss during the 11 days.

4. Discussion

Tick infestation was related to cold-seeking behavior in S. occi-

dentalis, as both Tp and Tmax.v negatively related to total tick load, ex-

cept in those individuals co-infected with intestinal coccidians, A. sce-

loporis. This first supports a differential effect of the two coccidian

parasites studied here which had already been suggested in a previous

study on this population (Megía-Palma et al., 2018). In that study, a

poorer nuptial coloration was associated in both males and females to

the infection by A. sceloporis, but not to the infection by L. occidentalis

suggesting already a higher virulence of the former. This is congruent

with the observed prevalence of A. sceloporis which doubled the pre-

valence of L. occidentalis and also with the fact that A. sceloporis (and I.

pacificus) was more abundant in April when the lizards’ hormonal state

associated to reproduction (see seasonal differences in e.g., Robinson

and Gifford, 2019) may increase susceptibility to some parasites

(Folstad and Karter, 1992). Secondly, it also suggests that infested free-

ranging lizards, like captive ones, seek out cool temperatures which

may help them to overcome acute tick infestations. Indeed, as demon-

strated by the significant relationship found between mass loss with

both total tick load and the initial voluntary selection of maximum

temperatures in the lizards kept in captivity, tick infestation has ne-

gative impacts on the host’s physiology (Dunlap and Mathies, 1993),

which can be aggravated under a warm environment. Moreover, our

data suggest that the thermal physiology of S. occidentalis is plastic

because we found significant differences in Tp and Tmax.v between April

and June, independent of the parasitic infections studied here and as a

likely response to the typical seasonal rise of temperatures during the

summer in Mediterranean regions (e.g., Díaz et al., 2006). This plasti-

city in the thermal physiology of S. occidentalis might be added to other

Fig. 3. Relationship between preferred temperatures (Tp) and tick load in lizards. Co-infections are indicated below each graph. Lizards co-infected with intestinal

coccidians of the genus Acroeimeria showed non-significant relationship between Tp and tick load (see results).

Table 3

Result of GLMM analysis showing in bold significant predictors (at P < 0.05)

for within-individual body mass change of the lizards sampled in April and kept

in captivity. R2(m) shows the proportion of variance in within-individual body

mass change explained by fixed terms in the model. Estimate coefficients

(± standard errors) are shown for significant predictors.

Body mass

d.f. Estimate (SE) X2 1, 33 P-value

(Intercept) 1 −17.10 (2.14) 63.72 <0.0001

Day of measurement 1 0.39 (0.04) 87.74 <0.0001

SVL 1 0.33 (0.01) 591.82 <0.0001

Tick load 1 0.01 (0.005) 6.04 0.014

Sex 1 – 0.34 0.55

Co-infection status 3 – 1.62 0.65

Tmax.v 1 0.14 (0.05) 6.35 0.011

R2(m) 0.95

Fig. 4. Relationship between mass change (mass day 11 – mass day 1) and tick

load (day 1). All lizards were infested by ticks (range=1–61). None of the

lizards gained mass.
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compensatory behaviors performed by this species to cope with warm

thermal regimes (e.g., Adolph, 1990). For example, Western fence li-

zards use more shaded microhabitats or perch off the ground more

often at low than at high elevations in California. This highlights the

importance of thermal microhabitat availability for this species to cope

with environmental constraints (Adolph, 1990). Anthropogenic per-

turbation at low elevations in California is favoring a rapid homo-

genization of microhabitats with yet quantifiable impacts on biodi-

versity (Holway and Suarez, 2006; Schwartz et al., 2006; Simovich

et al., 2013). However, despite some high infestation levels (i.e., 61

ticks), our data showed that tick infestation resulted in a modal 4.6%

reduction of lizard body temperature below the preferred temperatures

of S. occidentalis (i.e., 35 °C) which is very likely within the available

range of thermal microhabitats at present.

Tick parasites infest lizards worldwide (e.g., Schall et al., 1999;

Main and Bull, 2000; Václav et al., 2007). However, there is scarce

empirical evidence of the negative effect on lizard hosts of this asso-

ciation despite the fact that some infestations can be massive (Gomes

et al., 2013; Megía-Palma et al., 2017). For example, infested Australian

lizards, Tiliqua rugosa, have smaller home ranges, move less, and have

lower sprint speed and endurance in the lab than experimentally dis-

infested lizards, suggesting that ticks might limit both mating oppor-

tunities and fleeing success (Main and Bull, 2000). Ticks also reduce the

period that male Iberian green lizards, Lacerta schreiberi, maintain their

nuptial coloration during the breeding season, suggesting a possible

reduction in sexual attractiveness (Megía-Palma et al., 2017). The re-

sults of our study demonstrate that tick infestation is costly to lizards

because, in support of our predictions and at a ratio proportionally to

initial tick load, 1) infested lizards selected lower temperatures, re-

sulting in hypothermia, and 2) they lose weight. Body mass is a uni-

versal predictor of fighting and mating success in male lizards (e.g.,

Gullberg et al., 1997; Huygue et al., 2005) and is positively related to

individual quality and offspring body condition in females of the closely

related S. virgatus (Weiss, 2006; Weiss et al., 2009), thus, if tick in-

festation reduces body mass of their lizard hosts, it may result in a di-

rect fitness cost.

Two non-excluding hypotheses may explain the average 11.61%

weight loss at a constant ratio to initial tick load. On the one hand, ticks

not only induce sickness in lizards but direct wounds in the skin surface

and blood vessels of their hosts (Francischetti et al., 2009). The host

immune system reacts immediately healing the wounds. This is asso-

ciated with cytokines secretion which, in turn, induce lethargic beha-

vior and anorexia (Johnson, 2002; Werner and Grose, 2003; Barrientos

et al., 2008). For example, the closely related side-blotched lizard, Uta

stansburiana, reduced metabolic rate in response to wound healing and

lost weight at a constant ratio to the number of cutaneous wounds

(Smith et al., 2017). In addition to the costs associated to the healing

process, an infestation of 8–10 ticks may provoke an average 10% re-

duction of hematocrit in lizards weighing 5–15 g (Dunlap and Mathies,

1993). The same authors posit that a fully fed tick nymph may consume

3.6mg of blood and an average lizard (here weighing 7.8 g) may have

between 178.75 and 243.75mg of blood (extrapolated from Dunlap and

Mathies, 1993). Thus, in our study, only 5–7 tick nymphs would be

sufficient to reduce the lizard hematocrit by 10%. In April, when tick

loads were higher at Santa Cruz County, the lizards had on average 15.7

fed ticks. Fed ticks had probably been feeding on the lizards during the

previous days, and based on their large size were nymphs (Megía-Palma

pers. obs.). Due to their larger size, tick nymphs may consume more

blood than tick larvae. Thus, the blood consumed by the numerous tick

nymphs counted on the lizards in April might represent a non-trivial

mean hematocrit reduction between 23.2 and 31.6%. This might ex-

plain, along with the physiological costs of the healing process already

commented, the observed weight loss in the host lizards.

Similarly, the concomitant effects of blood extraction, blood he-

molysis, and the amount of tick saliva pumped into the blood stream of

hosts (dependent on the number of ticks) may explain the significant

relationship found between tick load and the thermal behavior ob-

served in S. occidentalis. Hematocrit is directly linked to oxygen pres-

sure (pO2) in vertebrates (Thorling and Erslev, 1968) and, hence,

sickness associated to tick infestations includes hypoxia and lethargy

(Felz et al., 2000). Behavioral hypothermia is an adaptive strategy both

in ectotherms and endotherms in response to hypoxia (Wood, 1991;

Peterson et al., 2003) which protects vital organs with high oxygen

demand (e.g., heart, brain) (Wood, 1991; Romanovsky and Székely,

1998). This is attributed to the left shift of the oxyhemoglobin dis-

sociation curve and the reduction in brain metabolic rate (Carlsson and

Siesjo, 1976 in Wood, 1991). Peterson et al. (2003) demonstrated that

low pO2 in lizards induces behavioral hypothermia and that this effect

was reverted when lizards were provided with an adenosine antagonist,

demonstrating the role of adenosine in the process (Seebacher and

Franklin, 2005). Thus, a hematocrit reduction with associated hypoxia

provoked by blood removal and hemolysis may explain the sign of the

relationships found in our study. Furthermore, as commented, shifts in

body temperature were proportional to the dose of a bacterial lipopo-

lysaccharide in green iguanas, suggesting that behavioral hypothermia

in lizards is also influenced by the degree of the immune perturbation

(Deen and Hutchison, 2001). Thus, similarly, the dose of tick saliva

injected during feeding might also be influencing the extent of the

thermoregulatory response in our study because, besides the volume of

blood extracted by each tick parasite, tick saliva also burdens active

proteins and pathogens that pass into the host blood stream

(Francischetti et al., 2009; Šimo et al., 2017).

This contribution aimed to elucidate the adaptive value of the

thermoregulatory behavioral response against parasitic infections in S.

occidentalis and our results suggest that behavioral hypothermia could

be an adaptive response during seasonal peaks of tick infestation. In one

study, most nymphs of I. pacificus that fed on guinea pigs became re-

plete in nine days (range=7–11) (Arthur and Snow, 1968) and ac-

cording to this, ticks on lizards kept in captivity in our study were re-

duced significantly after 11 days, although this was particularly true for

fed ticks. This suggests that lizards sustain low metabolic activity

during seasonal peaks of tick abundance. This would also reduce the

circulation of peripheral blood (Maclean et al., 1975) which, in turn,

may limit the blood intake of ticks. In our experiment while the number

of fed ticks was significantly reduced after 11 days this did not occur

with the non-fed ticks, suggesting a reduction of blood intake of the

latter and supporting the idea that the hypothermia response of lizards

can be adaptive to fight ticks during phenological peaks of tick abun-

dance. In addition, we repeatedly observed lizards buried in the sub-

strate of the terraria which reduces the body temperature of lizards and

might be an avoidance mechanism (sensu Hausfater and Meade, 1982)

selected to reduce tick re-infestations, although Lane et al. (1995) re-

ported that questing ticks are able to find lizard hosts despite this be-

havior. Indeed, both cold-seeking and burying behaviors would have

only partially mitigated the potential prejudice of tick infestation as

suggested by the important mass loss and the death of three lizards

despite being allowed to thermoregulate in their terraria and were fed

ad libitum. Therefore, besides the existing negative effects of parasites

on hormone secretion or color production in S. occidentalis (Dunlap and

Schall, 1995; Megía-Palma et al., 2018), tick infestations might also

limit foraging or mating opportunities during the breeding season of

this host species because severely infested lizards may remain in shaded

microhabitats, with cooler temperatures, compared to lowly or non-

infected lizards as was observed in free-ranging lizards infected with

malarial parasites, Plasmodium mexicanum (Schall and Sarni, 1987).

Our data support the notion that parasitic infections are costly to S.

occidentalis and behavioral hypothermia may be an adaptive response to

either seasonal (e.g., ticks) or infections with mild effect (i.e., L. occi-

dentalis). However, when lizards were co-infected with intestinal coc-

cidians, A. sceloporis, they presumably interrupted the cold-seeking re-

sponse to tick infestation as suggested by the non-significant

relationship found when lizards co-infected with A. sceloporis were
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analyzed. This suggests a higher cost of co-infection by A. sceloporis than

tick infestations either alone or in combination with hematic coccidians

that outweighs benefits of hypothermia (Adamo, 1998; Zamora-

Camacho et al., 2016) and, hence, remaining inactive during co-infec-

tion with A. sceloporis might not be adaptive due to concomitant costs

(Budischak et al., 2012). Interestingly, the maintenance of the activity

of the lizards infected by A. sceloporis during phenological peaks of tick

abundance, when other lizards not infected by this parasite remain

inactive, might be beneficial to the infected lizards since could increase

their mating opportunities despite the duller coloration associated to

the infection by A. sceloporis (i.e., Megía-Palma et al., 2018). However,

if this interruption of the behavioral hypothermia response in the li-

zards infected by A. sceloporis forms part of a compensatory strategy of

the host (e.g., Gustafsson et al., 1994; Bowers et al., 2015) or, alter-

natively, is a mechanism induced by the parasite for its own benefit,

will require further research.

5. Conclusions

Our results suggest that behavioral hypothermia is an adaptive re-

sponse to tick infestations in S. occidentalis, although it may not be

adaptive when tick infestation concurs with A. sceloporis, an intestinal

coccidian infection. Thus, this thermal response found here is added to

the plethora of morphological (e.g., skin pockets see Salvador et al.,

1999), biochemical (i.e., hematic borreliacid factor see Lane and

Quistad, 1998), and behavioral adaptations (e.g., burying in the sand,

which lower Tb see Lane et al., 1995) that have likely been selected in

the western fence lizard to reduce the negative impact of tick infesta-

tions. Since free-ranging lizards may have similar cold-seeking behavior

during parasitic bouts, the loss of thermal microhabitats by climate

change and human concomitant perturbations might, in a future sce-

nario, have negative consequences on the response to infections in ec-

totherms (Raffel et al., 2006). This is because parasites (e.g., bacteria,

virus, protozoa, nematodes) are ubiquitous and, although behavioral

fever may also be an adaptive response to infections in some ectotherm

host-parasite associations (e.g., Ouedraogo et al., 2004), hypothermia is

a widespread response across taxa including e.g. snails (Lefcort and

Bayne, 1991), insects (Müller and Schmid-Hempel, 1993; Moore and

Freehling, 2002), and most lizard species studied (e.g., Deen and

Hutchison, 2001; Merchant et al., 2008; Paranjpe et al., 2014; Zamora-

Camacho et al., 2016). Given the expected levels of climate warming

predicted for the planet by 2070, under business as usual scenarios or

even with controls on CO2 production (e.g., RCP 8.5 vs 4.5, Vth climate

assessment IPCC, 2013), with warmer seasons and longer summers,

impact of climate change as important erosive agent on ectotherm di-

versity (Deutsch et al., 2008; Sinervo et al., 2010; Bosch et al., 2018)

should be re-examined considering pathogenic host-parasite associa-

tions (Martin et al., 2010).
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