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Immune defences often trade off with other life-history components. Within

species, optimal allocation to immunity may differ between the sexes or

between alternative life-history strategies. White-throated sparrows (Zonotrichia
albicollis) are unusual in having two discrete plumage morphs, white-

striped and tan-striped. Within each sex, white-striped individuals are

more aggressive and provide less parental care than tan-striped individuals.

We extended immunocompetence handicap models, which predict sex

differences in immunity and parasitism, to hypothesize that infection

susceptibility should be greater in white-striped than tan-striped birds. We

inoculated birds of both morphs with malarial parasites. Contrary to our

prediction, among birds that became infected, parasite loads were higher

in tan-striped than white-striped individuals and did not differ between

the sexes. Circulating androgen levels did not differ between morphs but

were higher in males than females. Our findings are not consistent with

androgen-mediated immunosuppression. Instead, morph differences in

immunity could reflect social interactions or life-history-related differences

in risk of injury, and/or genetic factors. Although plumage and behavioural

morphs of white-throated sparrow may differ in disease resistance, these

differences do not parallel sex differences that have been reported in animals,

and do not appear to be mediated by differences in androgen levels.
1. Introduction
Trade-offs between immune defence and other life-history demands, such as

growth and reproduction, are widespread. Even within a species, life-history

theory predicts that individuals of different phenotypic classes should differ

in the balance between immunity and other functions [1], and may thus

differ in disease resistance. For example, in many animals males are more

likely to be parasitized, or experience more intense infections, than females

[2–4]. At a proximate level, these differences have been proposed to reflect

the immunosuppressive effects of androgens [4], although support for this

hypothesis remains mixed [5]. At an ultimate level, males and females generally

differ in the optimal balance between immunity and mating effort [2–4].

Species with alternative reproductive strategies and other behavioural

polymorphisms are particularly interesting from the perspective of ecoimmunol-

ogy. Within a sex, individuals of different morphs can differ dramatically in

appearance, physiology and behaviour [6–9]. Morphs can differ in hormone

levels, energetic constraints, risk of injury and other traits, potentially leading to
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differences in immunity [10,11] and disease resistance. Morph

differences in immunity and disease resistance have been

posited to parallel sex differences in these traits [10]. However,

reproductive polymorphisms are often expressed in one sex

only. Thus, it remains an open question whether morph differ-

ences in immunityand disease resistance parallel sex differences.

White-throated sparrows (Zonotrichia albicollis) are unusual

in that both sexes have two discrete colour morphs: individuals

have either white-striped or tan-striped crown plumage. This

dimorphism is governed by a supergene associated with

an inversion on chromosome 2, with both morphs maintained

at similar population frequencies by obligate disassortative

mating [12]. Within each sex, white-striped individuals are

more aggressive, sing more, provide less parental care, and

may have higher gonadal steroid levels during early breeding

than tan-striped individuals [13–15]. Given the broad suite of

phenotypic differences between morphs, we reasoned that

morphs might also differ in disease resistance. Specifically, we

extended immunocompetence handicap models [4], originally

proposed to explain sex differences in disease resistance, to

predict greater disease susceptibility in white-striped than

tan-striped individuals. To test this prediction, we inoculated

birds with malarial (Plasmodium) parasites, then monitored

infection outcome and intensity.
2. Material and methods
(a) Study animals and housing
We captured 42 white-throated sparrows during autumn

migration (October 2015) at Long Point, Ontario, Canada

(42.588 N, 80.408 W). Birds were transported to the Advanced

Facility for Avian Research (London, Ontario, Canada) and

housed indoors, in individual cages with ad libitum access to

food and water. Birds were housed at 20–228C and maintained

on a short-day photoperiod (10 L : 14 D ) until February 2016.

(b) Determining prior infection status, plumage morph
and sex

We collected 25 ml of whole blood from each bird by brachial veni-

puncture shortly after capture. We used a drop of this sample to

prepare a thin-film blood smear, which we treated with Wright-

Giemsa stain and examined under a light microscope (100�objective)

to identify any individuals that were already naturally infected

with haemosporidian parasites. We examined 10 000 erythrocytes

per smear, noting any haemosporidia observed.

From the remaining blood we extracted DNA for analysis of

haemosporidian infection, plumage morph and sex. We used

two-stage nested PCR [16] to amplify a 527 bp fragment of

Plasmodium or Haemoproteus cytochrome b, and purified and

sequenced second-round PCR products as described elsewhere

[17]. We used the Dra I genotyping assay [18] to confirm

morphs, and the P2/P8 genotyping assay [19] to confirm sex.

In all, we identified 12 tan-striped females, 9 tan-striped males,

7 white-striped females and 14 white-striped males. Twelve sub-

jects were already infected with haemosporidia upon capture.

Natural infection status did not differ between morphs or

sexes, nor did we observe a morph�sex interaction (electronic

supplementary material, table S1).

(c) Inoculation procedure
On 8 February 2016, we collected 200 ml of blood from each of

two wild-caught conspecific parasite donors infected with Plasmo-
dium lineage P-SOSP10 (GenBank accession no. KT19636). This
sequence is 99% identical to that of P. homopolare (accession

no. KF537294), a geographically widespread host-generalist

that infects many migratory and resident species within North

and South America, especially hosts of family Emberizidae

[20]. We also collected 200 ml of uninfected blood from each of

two sham donors that were confirmed by PCR and microscopy

to be free of haemosporidian infection. We pooled blood from

the two parasite donors, and from the two sham donors, and

combined each mixture with saline and sodium citrate buffer

[17]. We injected 200 ml of blood–buffer mixture (80 ml of freshly

collected blood, 20 ml of 3.7% sodium citrate, 100 ml of 0.9%

saline) into the pectoralis muscle of four amplifiers (i.e. individ-

uals confirmed by PCR and microscopy to be free of infection).

Specifically, we inoculated two parasite amplifiers with blood from

parasite donors containing Plasmodium lineage P-SOSP10, and

inoculated two sham amplifiers with unparasitized blood from

sham donors, following previously published techniques [17].

On 15 February 2016, we switched amplifiers and experimen-

tal subjects to a long-day photoperiod (16 L : 8 D) to induce

breeding condition. On 21 February—13 days after inoculating

amplifiers, and 6 days after transfer to long days—we prepared

and examined thin-film blood smears from amplifiers as

described above. We detected Plasmodium parasites in both para-

site amplifiers but not in either sham amplifier. The following

day, we euthanized amplifiers by overdose of isoflurane vapours

and immediately collected up to 1.2 ml of blood by cardiac punc-

ture. We combined blood from the two parasite amplifiers, and

from the two sham amplifiers, and mixed each with buffer as

described above. We injected this mixture into the pectoralis

muscle of experimental subjects: birds in the parasite treatment

(n ¼ 30) received parasitized blood from parasite amplifiers, and

birds in the sham treatment (n ¼ 12) received unparasitized

blood from sham amplifiers. We assigned birds to treatment

groups using block-randomization while balancing groups with

respect to morph and sex. Fourteen days after inoculating exper-

imental subjects (three weeks after the transition to long days),

we prepared and examined thin-film blood smears as described

above. This timing corresponds to peak parasitaemia in song spar-

rows (Melospiza melodia) inoculated with strain P-SOSP10 [17].

Smears were scored blind to treatment, sex and morph.

To assess sex and morph differences in plasma androgen

levels, and to confirm that photostimulation induced reproduc-

tive condition, we collected blood from birds in the parasite

and sham treatments seven days before inoculation (i.e. one

day before photostimulation) and fourteen days after inoculation.

We collected 100 ml of blood by brachial venipuncture,

between 09.30 and 11.00, then isolated plasma and quantified

androgens as detailed in the electronic supplementary material.
(d) Data analysis
Parasite loads at capture ranged from 0–5 parasitized erythro-

cytes per 10 000 (n ¼ 42, mean+ s.e. ¼ 0.90+0.23). Fourteen

days after inoculation, parasite loads in the sham treatment

ranged from 0 to 2 parasitized erythrocytes per 10 000 (n ¼ 12,

0.79+0.23). Based on these values, we established an arbitrary

threshold for infection outcome: subjects in the parasite treatment

were categorized as infected if they had 6 or more parasitized

erythrocytes per 10 000 at this 14-day timepoint.

We compared support for candidate models predicting infec-

tion outcome (infected or resistant) among parasite-treated birds

(electronic supplementary material, table S2). Models predicting

infection outcome were fit with binomial errors, using glm in

base R v. 3.3.2 [21]. Among birds that became infected, we

also compared candidate models predicting infection intensity

(parasitized erythrocytes per 10 000 examined; electronic

supplementary material, table S3). Models predicting infection

intensity were fit with negative binomial errors, using glm.nb in
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Figure 1. Parasite loads in white-throated sparrows, after inoculation with
Plasmodium or unparasitized blood. Among individuals that became infected,
parasite loads were higher on average in tan-striped than white-striped birds.
n ¼ 12 sham (6 tan-striped, 6 white-striped), 9 infected (4 tan-striped,
5 white-striped), 21 resistant (11 tan-striped, 10 white-striped). (Online version
in colour.)

Table 1. Parameter estimates from the morph model predicting parasite
load in white-throated sparrows that became infected after inoculation with
Plasmodium.

parameter ß+++++ s.e. 95% CI

intercept 3.65+ 0.29 3.12, 4.27

morph (white) 20.67+ 0.40 21.46, 0.11
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the R package MASS [22]. Within each set, candidate models

differed in the presence versus absence of morph, sex and their

interaction and prior infection status (i.e. any haemosporidian

infection, confirmed through microscopy and/or PCR). We

plotted model residuals to confirm assumptions.

To compare androgen levels between morphs, sexes and time-

points, we constructed a generalized linear mixed model with

a log-normal (Gaussian) distribution using glmmPQL in the R

package MASS [22]. Predictors included morph, sex and time-

point (pre- versus post-photostimulation) plus all first-order

interactions, and a random effect of bird ID.

3. Results
White- and tan-striped morphs did not differ in infection out-

come. Among birds inoculated with Plasmodium, 4 of 15

white-striped and 5 of 15 tan-striped individuals became

infected, and among models predicting infection outcome,

the null model was at least three times better supported

than models including morph, sex, morph�sex interaction

or prior infection status (electronic supplementary material,

table S2). Among birds that became infected, however, para-

site loads were higher in tan-striped than white-striped

individuals (figure 1). Among models predicting infection

intensity, the morph model was at least three times better

supported than alternatives including effects of sex, morph�
sex interaction, or prior infection status (electronic sup-

plementary material, table S3), although we note that 95%

confidence limits for the morph parameter estimate overlap

with zero (table 1). We found no evidence of sex differences,

or morph�sex interactions, in infection outcome or intensity

(electronic supplementary material, tables S2 and S3).

Plasma androgens were higher in males than females,

increased after the switch to long-day photoperiod, and

tended to increase more in males than females, collectively

suggesting birds were approaching breeding condition during

the experiment. We found no evidence of morph differences,

morph�sex interactions or morph�timepoint interactions

(electronic supplementary material, tables S4 and S5).

4. Discussion
We compared parasite resistance between behaviourally dis-

tinct morphs of white-throated sparrow, hypothesizing that
the aggressive white-striped morph would be more sus-

ceptible to infection. However, morphs did not differ in

infection outcome, and infection intensity was on average

higher in the tan-striped, not the white-striped, morph. More-

over, despite sex differences in androgen levels, males and

females did not differ in infection outcome or intensity. We

conclude that white-throated sparrow morphs may differ in

disease resistance, potentially reflecting life-history-related

differences in immune investment. However, these morph

differences do not parallel sex differences frequently observed

in animals [3] and do not appear to be mediated by morph

differences in androgens.

We detected morph but not sex differences in parasite

loads. By contrast, we detected sex but not morph differences

in androgen levels, suggesting that androgen-mediated immu-

nosuppression [4] does not explain morph differences in

parasite loads. Several non-exclusive processes may explain

these findings. First, tan-striped birds are behaviourally

subordinate to white-striped birds [23] and may have been

immunosuppressed due to social stress from aggressive inter-

actions. Although our animals were housed individually, they

remained in acoustic and visual contact. Second, morphs may

differ in infection tolerance, defined as the ability to minimize

damage associated with a given pathogen burden [24]. If

morphs differ in the relative benefits of tolerance versus resist-

ance (minimizing pathogen burden), one morph might rely

primarily on tolerance and the other on resistance. Third,

life-history differences in injury risk [10] could favour greater

immune investment by the more aggressive white-striped

morph. Finally, the chromosomal inversion associated with

this plumage and behavioural dimorphism may harbour

immune loci that affect disease resistance.
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