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ABSTRACT
Recently, there has been considerable interest in the role of the
immune system in shaping life-history evolution, sexual selection strategies, and indexes of individual quality. The most
frequently used assay of immune function, particularly in avian
field studies, is the phytohemagglunitin (PHA) skin test. PHA
is injected subcutaneously into the wing web, and the magnitude of the resultant swelling has traditionally been interpreted as an index of an individual’s cell-mediated immunocompetence. The test follows one of two protocols: the
traditional two-wing injection protocol, with one wing web
injected with PHA and the other with phosphate-buffered saline
(PBS), or the simplified one-wing protocol that omits the PBS
injection. In this technical comment, we alert researchers to
the importance of considering handling time when performing
the PHA test. We show that zebra finches (Taeniopygia guttata)
subjected to the two-wing protocol had a lower wing-web swelling than individuals injected in one wing. In males, handling
time explained over 50% of the variation in an individual’s
skin swelling response; females were relatively unaffected by
handling time. We suggest that caution should be exercised
when comparing the magnitude of wing-web swelling across
studies in which the alternate protocol was followed. In addition, the recording of handling time, and its inclusion in
subsequent statistical analyses, may aid in the detection of subtle
differences across treatments.
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Introduction
Recently, there has been considerable interest in the role that
the immune system plays in shaping the evolution of lifehistory traits (e.g., Tella et al. 2002), sexual selection strategies,
and indexes of individual quality (see Martin et al. 2006 for a
recent review of studies). The most popular assay of immune
function, particularly in avian field studies, is the phytohemagglutinin (PHA) skin test (Kennedy and Nager 2006). PHA
is a carbohydrate-binding protein, or lectin, isolated from red
kidney beans, that when injected subcutaneously into an animal
produces a localized swelling response. PHA activates T lymphocytes to undergo mitosis, and the magnitude of this resultant swelling has traditionally been considered an index of the
cell-mediated immunocompetence of the injected individual
(e.g., Lochmiller et al. 1993). Recent work, however, suggests
that PHA also activates components of the innate immune
system, with multiple immune cell types infiltrating the injection site at different times postexposure (Martin et al. 2006).
As such, the complexity of the response to PHA led Martin et
al. (2006) to urge caution when interpreting greater swelling
as representing greater cell-mediated immunocompetence.
Despite the complexity surrounding interpretation of an individual’s immunological response to PHA (e.g., Kennedy and
Nager 2006; Martin et al. 2006), the PHA test is widely used
in ecological immunology. In birds, the PHA skin test has been
conducted using either a two-wing protocol (e.g., Lochmiller
et al. 1993) or a simplified one-wing protocol (Smits et al.
1999). In the two-wing protocol, one wing web is injected with
PHA dissolved in phosphate-buffered saline (PBS), and the
other wing web is injected with PBS, to act as a control. The
injection sites are measured preinjection and 24 h postinjection,
and the immune response to PHA is indexed as the difference
in swelling between the two wings (Lochmiller et al. 1993).
Smits et al. (1999) demonstrated that within an individual, the
injection of PBS as the vehicle induced no measurable wingweb swelling response, and therefore contributed little/if anything to the overall PHA skin test. As such, they advocated
omitting the “control” injection of PBS and proposed injecting
a single wing only. The one-wing protocol thus estimates the
immune response as the difference between the pre- and postinjections to PHA only (Smits et al. 1999). Although the onewing technique has not been without criticisms (Siva-Jothy and
Ryder 2001), it has gained much popularity in studies of ecological immunity.
Part of the appeal of the one-wing protocol is that it decreases
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handling time by approximately half and reduces the physiological stress experienced by the bird (Smits et al. 1999). When
experiencing stress, birds release the glucocorticoid corticosterone (CORT), which when elevated chronically has been shown
in some species to blunt the PHA response (Martin et al. 2005).
Although there are no data of which we are aware on the effect
of acute elevations of CORT on the PHA response in birds,
acute handling stress has been shown to reduce indexes of
innate immunity (Matson et al. 2006). If handling stress impacts the PHA response, then the decreased handling time associated with the one-wing protocol may result in a greater
swelling response (interpreted typically as greater “immunocompetence”) than if the same individual had been subjected
to a two-wing protocol. If this were the case, then immunological comparisons among studies, or between treatments
within the same study in which the alternate protocol had been
used (e.g., Moreno et al. 2005), may become challenging. In
this technical comment we suggest this has gone largely unrecognized in studies of ecological immunology.
We used captive zebra finches (Taeniopygia guttata) as a
model to test two questions: (1) what is the relationship between handling time and the magnitude of an individual’s
PHA-induced swelling response, and (2) does the swelling response differ among individuals subjected to a one-wing protocol versus a two-wing protocol?
Material and Methods
Study Species
Adult male (n p 23) and female (n p 24) zebra finches were
obtained from a local breeder and group-housed by sex at the
Trent University Animal Care Facility for a minimum of 2 mo
before beginning experiments. Individuals were randomly assigned to one of two treatment groups: the one-wing or the
two-wing protocol. These birds were then moved to individual
cages (35 cm [L] # 41 cm [W] # 36 cm [H]) for 24 h before
the experimental protocol was performed. By moving birds to
individual cages, our aim was to minimize capture time, which
has been shown previously to influence the PHA swelling response (Ewenson et al. 2003). All birds were held at ca. 25⬚C
with a 14L : 10D cycle. Commercial birdseed (Topcrop finch/
budgie seed in 50 : 50 mix) and water were supplied ad lib.
Immune Challenge
The immune response was elicited by subcutaneous injection
of crystalline phytohemagglutinin (PHA-P, Sigma L8754) dissolved in sterile 0.01 M PBS (pH 7.4). Birds were injected in
the wing web with either a 20-mL PHA solution (0.1 mg in 20
mL PBS) or the equivalent volume of PBS. Dosages of PHA
injected into the wing web vary widely in the literature. The
dose we used was based on Martin et al. (2006), although we
reduced the volume injected. Finches assigned to the two-wing
injection protocol were injected with PHA in the right wing
web followed by injection of PBS into the left wing web, and

those assigned to a one-wing injection protocol were injected
with PHA in the right wing web only. For each individual, the
handling time was recorded, beginning when the cage door was
opened and ending once the bird had been placed back into
the cage. Although we recognize that this measure of handling
time includes the capture of the bird in its cage, the duration
of this capture/chase was less than 25 s and was minimal compared with the overall time the bird was held in the hand.
Before injection, the thickness of the injection site was measured six times to the nearest 0.001 mm using a digital pressuresensitive micrometer (Mitutoyo 227-221). The site was then
measured again 24 h postinjection. Individuals were weighed
(Ⳳ1 g) upon recapture using a Pesola spring scale. The same
individual performed all injections and measurements and held
the birds (L.L.B.).
The PHA swelling response for the two-wing treatment
was calculated as (PHA postinject ⫺ PHA preinject ) ⫺ (PBSpostinject ⫺
PBSpreinject ), following Lochmiller et al. (1993). The swelling for
the one-wing treatment was calculated as the thickness of the
wing web pre- and postinjection of PHA, PHA postinject ⫺
PHA preinject, following Smits et al. (1999). The repeatability (Lessels and Boag 1987) of the six preinjection measurements was
0.90 (F46, 235 p 53.95, P ! 0.0001) and of the six postinjection
measurements on the PHA wing was 0.95 (F46, 235 p 107.49,
P ! 0.0001).

Statistical Analyses
Data for PHA response, handling time, body mass, and tarsus
length were log10 transformed to improve normality and homogeneity of variance. We calculated body condition as residuals from log10 body mass on log10 tarsus length. We first used
a two-way ANOVA to test for an effect of protocol (one- or
two-wing injection) and sex on wing-web swelling in response
to PHA injection. To explore further the mechanistic basis for
variation in wing-web swelling, we subsequently performed an
ANCOVA with sex, protocol, body condition, and handling
time as independent variables. In each analysis, the model initially contained all two-way interactions between sex and the
other variables; nonsignificant interaction terms (P 1 0.05 ) were
subsequently removed. For clarity, figures are presented using
untransformed data. All values are presented as mean Ⳳ 1 SE,
and all analyses used JMP IN (ver. 5.0) statistical software (Sall
et al. 2005). Comparisons were considered statistically significant at P ≤ 0.05.
Results
Individuals injected with PHA using the one-wing protocol had
a significantly greater wing-web swelling than those injected
using the two-wing protocol (ANOVA: F1, 44 p 4.05, P p 0.05;
Fig. 1). Sex had no effect on the wing-web swelling response
(ANOVA: F1, 44 p 1.67, P p 0.20). The average handling time
(Ⳳ1 SE) for individuals injected in one wing was 200.0 Ⳳ
11.0 s, while the handling time for those injected in both wings
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Our results suggest that restraint during injection of PHA likely
poses an additional stressor, particularly in males. Although
our measure of handling time included a small chase component (the time to capture an individual in its cage), this was
a relatively small fraction of the total time the bird was held.
It would be interesting in future studies to record and analyze
these two stressors separately to further isolate sources of variation in the PHA response.
Detecting an effect of handling time on the PHA response
is perhaps not surprising given that restraint is used to elicit
an elevation of the stress hormone CORT in a variety of avian
species (e.g., Wingfield et al. 1992), including zebra finches
(Salvante and Williams 2003). Chronic CORT elevation most
typically depresses indexes of immunity. For example, artificial
CORT elevation results in a blunted PHA swelling response in
some populations of house sparrows (Passer domesticus; Martin
Figure 1. Wing-web swelling (mm) in zebra finches injected in either
one wing with PHA or in two wings (PHA in right wing and saline
in left wing). Box plot shows horizontal lines at fifth, twenty-fifth,
fiftieth (median), seventy-fifth, and ninety-fifth percentiles. Points falling outside this range are indicated with a circle. Sexes are pooled.
Sample sizes are in parentheses. P p 0.05.

was more than double at 430.0 Ⳳ 22.1 s (t-test: t45 p 10.25,
P ! 0.001). When handling time was included in the analysis,
protocol (one- or two-wing injection) no longer affected wingweb swelling (ANCOVA: P p 0.66 ). Interestingly, the impact
of handling time on wing-web swelling differed between males
and females (ANCOVA, handling time # sex: F1, 41 p 4.18,
P p 0.047). Handling time was negatively related to the wingweb swelling in males (ANCOVA, male: F1, 20 p 14.20, P p
0.001; Fig. 2A), while females showed no relationship (P p
0.20; Fig. 2B). Strikingly, handling time alone explained 150%
of the variation in a male’s wing-web swelling (r 2 p 0.53,
F1, 21 p 24.08, P ! 0.001; Fig. 2A). When handling time, protocol, and sex were controlled for, body condition was also
related to wing-web swelling, with individuals in better condition showing greater swelling responses (ANCOVA, F1, 41 p
6.23, P p 0.017).
Discussion
Zebra finches experiencing the two-wing PHA protocol had
less wing-web swelling than did individuals experiencing the
one-wing PHA protocol (Fig. 1). We suggest it was not the
actual protocol per se that resulted in the blunted response in
the two-wing birds but rather the length of time each individual
was held. The importance of handling time as a factor influencing an individual’s PHA response has, to our knowledge,
not been reported previously. Interestingly, males and females
responded differently with respect to handling time. While handling had a negative impact on a male’s wing-web swelling,
females showed no clear effect.
Previous work has shown that chasing birds before capture
blunts the swelling response to PHA (Ewenson et al. 2003).

Figure 2. Influence of handling time on the wing-web swelling of (A)
male and (B) female zebra finches following injection of phytohemagglutinin (PHA). Unfilled circles, birds injected in one wing with
PHA; filled circles, birds injected in one wing with PHA and one wing
with saline. Equation of regression line in A: wing-web swelling
(mm) p 1.29 ⫺ 0.0012 # handling time (s), r 2 p 0.57, F1, 21 p 27.79,
P ! 0.0001.
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et al. 2005) and in captive chickens (Gallus gallus domesticus;
El-Lethey et al. 2005). In the field, chronic stress, such as that
faced by adults rearing artificially enlarged broods (e.g., Moreno
et al. 1999) or by nestlings in an enlarged brood (Ilmonen et
al. 2003), can also have suppressive effects on the PHA response.
Despite the number of studies detailing the effects of chronic
stress, the impact of acute stress on the immune system has
been less studied. In contrast to our results, acute stress in male
mice has been shown to enhance the immunization or sensitization phase of cell-mediated immunity when compared with
mice that had not been stressed (Viswanathan et al. 2005).
However, these results were obtained using a 2.5-h restraint
stress, a duration that far exceeded the handling time faced by
the zebra finches in our study. Whether the blunted response
we detected in zebra finches is taxon specific or is perhaps a
transient phenomenon that after a longer period of restraint
may result in enhancement is unknown but would be worth
exploring in future studies.
In contrast to our results that showed a blunted PHA response in birds subjected to the two-wing protocol (Fig. 1),
previous studies have generally reported an insignificant effect
of the type of wing-web treatment on PHA response (e.g., Smits
et al. 1999; Moreno et al. 2005). In these previous studies, the
authors calculated the swelling response of individuals injected
in two wings using the two-wing calculation (Lochmiller et al.
1993) and then recalculated the swelling response in those same
individuals using the one-wing calculation (whereby the thickness of the PHA response either included or excluded the swelling in the control wing due to PBS injection). The PHA swelling
response was highly associated between the injection protocols,
supporting the exclusion of a control injection (Smits et al.
1999). The effect of differences in handling time between the
two treatments and the potential impact of such a difference
on an individual’s PHA response was not considered.
In our study, only males showed a negative effect of handling
time on the PHA response; females did not. Interestingly, females were also more variable in their PHA response than were
males (Levene’s test on residuals from regression of wing-web
swelling on handling time: F1, 45 p 6.26 , P p 0.016). The mechanistic basis for these differences is not clear, although sexspecific differences in immune function have been reported
previously in other species. For example, artificially increasing
brood size resulted in a more blunted wing-web swelling response in male than in female blue tit nestlings (Parus caeruleus;
Dubiec et al. 2006). Similarly, only male European starling nestlings (Sturnus vulgaris) are negatively affected by increasing
natural brood size, particularly in years of low food availability
(Chin et al. 2005). As far as we are aware, ours is the first study
to suggest that an acute stressor may also impact the PHA
response in a sex-specific manner.
How much does handling time blunt an individual zebra
finch’s wing-web swelling? We calculated that for males subjected
to the two-wing injection protocol (regression using untransformed data: wing web [mm] p 1.48 ⫺ 0.0016 # handling time
[s]; r 2 p 0.57, F1, 9 p 11.96, P p 0.007), individuals held for 300

s (5 min) had an average swelling response of 1.00 mm, while
those held for 600 s (10 min) had a swelling of only 0.52 mm.
This difference of 0.48 mm is similar to or exceeds that of significant treatment effects reported previously for this species (e.g.,
Blount et al. 2003; McGraw and Ardia 2003). Given the magnitude of the response, handling time may play a contributing
role in studies that have failed to reject null hypotheses, as suggested previously by Ewenson et al. (2003). Nevertheless, in comparative studies others have reported significant within-species
repeatability despite differences in dose of PHA, protocol, sex,
and age of individuals (Tella et al. 2002).
In conclusion, zebra finches experiencing a two-wing PHA
injection protocol had a lower swelling response than individuals experiencing the one-wing protocol, due largely to differences in handling time. Whether these patterns can be extended
to other species or to field studies is not known. However, until
handling time can be discounted as a contributing factor to
the PHA wing-web swelling, we suggest that researchers record
the length of time an individual is held and consider including
this value in their subsequent statistical analyses. In addition,
our results suggest that unless handling time is reported, caution may be warranted when comparing the degree of wingweb swelling across data sets in which different PHA injection
protocols were followed.
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