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ABSTRACT

Immunological measures are increasingly being applied to eco-
logical and evolutionary studies of wild vertebrates, yet fre-
quently it is not clear how condition and environmental factors
correlate with various immune parameters. We used mixed-
model ANOVA to examine the effects of several measures of
condition (both morphological and physiological) and envi-
ronmental factors on two measures of immune responsiveness
in nestling house wrens (Troglodytes aedon L.) to test the hy-
pothesis that nestlings in good condition mount stronger im-
mune responses than those in poor condition. Based on pre-
vious studies, we predicted that the innate bactericidal response
would be less likely to be affected by condition-related factors
than the cutaneous response, which includes both innate and
the more costly adaptive components. Both cutaneous immune
activity (i.e., phytohaemagglutinin [PHA] response) and innate
immune responsiveness (i.e., plasma bactericidal activity) var-
ied significantly among broods. Nestling PHA response was
significantly influenced by year, mass, and the time of day that
the challenge was administered. However, besides nest of origin,
no other variable examined had a significant effect on bacte-
ricidal activity. Morphological condition, assessed as body mass
adjusted for structural size, differed significantly among nests
and years and was positively correlated with hematocrit but
not plasma albumin/g-globulin proteins, indicating that these
are measures of different aspects of health state.

Introduction

In the past decade, immunological techniques have been widely
applied to ecological and evolutionary studies of wild verte-
brates, especially birds. One focus of this work has been to
understand the relative influences of genetic differences, ma-
ternal effects, and the environment on variation in different
types of immune responses. For example, immune responses
have been found to vary geographically (e.g., Ardia 2005; Møller
et al. 2006), temporally (Nelson and Demas 1996; Garvin et
al. 2006), taxonomically (e.g., Matson et al. 2006; Mendes et
al. 2006), and among different types of antigenic challenge
(Råberg and Stjernman 2003; Forsman et al. 2008a). However,
vertebrate immunity is divided into two major branches, innate
and adaptive, and previous studies often have failed to distin-
guish or have overlooked the interdependence of these two
branches. Innate immunity includes factors present in the blood
before antigenic exposure (e.g., antimicrobial peptides, lyso-
zyme, nitric oxide, complement proteins, heterophils) as well
as natural antibodies produced by B cells of the adaptive branch.
Thus, although bactericidal activity of plasma or whole blood
is often used as a measure of constitutive innate immunity
(Tieleman et al. 2005; Matson et al. 2006), it includes an an-
tibody component. Until recently, field studies of innate im-
munity have been less common than those investigating cu-
taneous immune responsiveness (sensu Martin et al. 2006), and
swelling induced by phytohaemagglutinin (PHA) has often
been considered to be a measure of a T-cell-mediated com-
ponent of adaptive immunity (Tella et al. 2008). While T cells
in vitro are known to proliferate in direct response to PHA,
the in vivo PHA response is now known to include a substantial
innate component (Martin et al. 2006). Finally, specific anti-
body production by B cells, a humoral component of adaptive
immunity (e.g., Råberg and Stjernman 2003), is initiated and
directed by cells of the innate immune system. Although each
of these assays varies in the extent to which it measures innate
or adaptive immunity, each nonetheless can provide valuable
insight into the factors modulating immune function, partic-
ularly when used in combination.

We investigated the influence of multiple measures of nest-
ling condition (i.e., size, hematocrit, and plasma albumin/g-
globulin [A-G ratio] proteins) and environmental variables (i.e.,
brood size, year, time of season, sampling hour, and ambient
temperature) on the PHA response and bactericidal activity in
nestling house wrens (Troglodytes aedon) to test the hypothesis
that these variables influence immune responsiveness. We pre-
dicted that nestlings in good condition (i.e., heavier, structurally
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larger, heavier for their structural size, higher hematocrit and
A-G ratios) would mount a more robust immune response
than those in poorer condition. Based on previous studies, we
expected that largely innate immune responses, as assessed by
the bactericidal assay, would likely be less strongly correlated
with measures of condition than PHA responses, which involve
both the innate and the more resource-intensive adaptive com-
ponents of the immune system (see Palacios et al. 2009). We
also tested the hypothesis that environmental factors, acting
either directly or indirectly through different measures of body
condition, modulate immune responsiveness, again predicting
that the PHA response would be more likely affected by chang-
ing conditions than the bactericidal response.

Methods

We conducted our study of nestling house wrens on the forested
150-ha Mackinaw study area in McLean County, Illinois
(40�40�N, 88�53�W) during the 2004, 2005, and 2006 breeding
seasons. The egg-laying period of house wrens on the study
area averages about 100 d, with the first egg laid in late April–
early May and the last in early August. For this study, house
wrens built their nests in wooden nest boxes distributed 30 m
apart along N-S transects 60 m apart in three semi-isolated
neighborhoods ( nest boxes) in the larger study area.N p 301
Nest boxes were mounted on 1.5-m metal poles, most of which
were either greased or had 48-cm diameter aluminum disks
mounted below the nest box to discourage nest predators. We
took morphological measurements, collected blood samples,
and administered the PHA skin test 11 d after the first nestling
of the brood hatched (i.e., brood day 11). Brood size was de-
termined as the number of nestlings present in the nest on
brood day 11. Average daytime temperature (brood day 11)
was acquired from the National Oceanic and Atmospheric Ad-
ministration database for the Greater Peoria Airport weather
station approximately 75 km west of the study site. This re-
search was conducted under Illinois State University Institu-
tional Animal Care and Use Committee protocol 17-2003.

Body Condition

As a morphologically based measure of body condition, we
used residual values from a least squares mass/tarsus regression
( , , ), hereafter “residual body2r p 0.25 P ! 0.0001 N p 152
mass.” Nestlings were weighed on brood day 11, when they
typically reach their maximum mass (Finke et al. 1987), to the
nearest 0.1 g using an electronic scale (Acculab, Pocket Pro
250-B). We also measured tarsus length to the nearest 0.1 mm
using dial calipers (brood day 11). Tarsus growth is nearly
complete at fledging in many birds and is a commonly used
measure of structural size (Alatalo and Lundberg 1986; van
Noordwijk et al. 1988). Dutta et al. (1998) found that mean
tarsus length at fledging was 93% of mean adult tarsus length
in house wrens, a result confirmed in our house wren popu-
lation (C. F. Thompson, unpublished data).

We collected approximately 75 mL of blood from the brachial

vein into heparinized capillary tubes that were stored at ∼4�C
until centrifugation later the same day at 6,000 rpm for 60 s
to separate the cellular and plasma components (Hematastat
II, Separation Technologies). After centrifugation, we measured
hematocrit as the percentage of whole blood constituted by red
blood cells (mean of three measurements). Nestling plasma
samples were frozen (�20�C) until protein analyses, and, in
2006, aliquots of fresh plasma were reserved for immediate use
in the bactericidal activity assay (described below). Relative
amounts of individual plasma protein classes for each nestling
were determined by gel electrophoresis using a kit including
preprepared agarose gels and reagents (Helena Laboratories,
Quick-Gel System, catalog no. 3550). We electrophoresed 3 mL
of each plasma sample at 400 v for 8.5 min and stained gels
following the manufacturer’s instructions. Stained gels were
scanned with a densitometer to quantify the relative amounts
of prealbumin, albumin, and a-, b-, and g-globulin proteins
present in electrophoretic bands (QuickScan 2000, WIN ver.
2). In this study, we report A-G ratios, which have been used
previously to assess health status in birds (e.g., Ots et al. 1998;
Hõrak et al. 2002).

Cutaneous Immune Activity

We characterized cutaneous immune activity of nestlings in all
3 yr using the standardized in vivo PHA assay commonly used
in field immunological studies (Adamo 2004). PHA is a plant-
derived mitogen that stimulates the recruitment of leucocytes
involved in both adaptive and innate immune responses at the
site of injection, producing a measurable tissue swelling
(McCorkle et al. 1980; Martin et al. 2006). Nestlings were in-
jected with 50 mL (5 mg/mL; Sigma Aldrich, L8754) of PHA
dissolved in sterile phosphate-buffered saline (Smits et al. 1999)
in the wing webbing between 0700 and 1600 hours Central
Daylight Time on brood day 11; most injections occurred be-
fore 1200 hours (Table 2). We used a digital thickness gauge
(Mitutoyo no. 547-500) to measure wing-web thickness to the
nearest 0.1 mm (mean of three measures) before and ca. 24 h
after PHA injection. The mean (�SE) interval between pre-
and postinjection readings was h in 2004,23.8 � 0.11 24.0 �

h in 2005, and h in 2006. Wing-web thickness0.11 24.6 � 0.09
was measured before blood collection, and the change in thick-
ness was used as a measure of cutaneous immune activity.

Innate Immunity

In 2006 only, we measured bactericidal activity of nestling
plasma, which encompasses multiple components of the innate
immune system, including natural antibodies, complement
proteins, and lysozyme (Matson et al. 2006). For this in vitro
assay, we incubated 5 mL of fresh plasma (collected on brood
day 11) with approximately 200 colony-forming units of E. coli
(American Type Culture Collection, strain 8739) at 41�C for
45 min following Matson et al. (2006). Control samples of
bacteria were plated without the addition of plasma. Samples
were plated in duplicate on tryptic soy agar plates and incubated
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Table 1: Mixed-model ANOVA summary of the
cutaneous immune response (phytohaemagglutinin)
analysis

Effect NDF DDF F P

Year 2 157 15.36 !.0001
Brood day 0 1 157 1.74 .1889
Brood size 1 161 .15 .6990
Tarsus 1 740 .00 .9636
Body mass 1 756 5.92 .0152
Hematocrit 1 761 .27 .6053
A-G ratio 1 731 3.06 .0805
Average temperature 1 741 .91 .3417
Time of injection 1 191 4.78 .0300
Time of read 1 621 .13 .7231

Note. NDF p numerator degrees of freedom; DDF p denominator

degrees of freedom.

Table 2: Summary of immunological, physiological, and morphological measurements

Variable (units)

2004 2005 2006

Mean � SE Min–Max N Mean � SE Min–Max N Mean � SE Min–Max N

PHA swelling (mm) .73 � .03 .05–1.62 78 .44 � .01 .02–1.35 367 .60 � .01 .02–1.72 343
Bactericidal (%) … … … … … … 58.4 � 2.2 0–99.6 190
Brood size (N) 4.6 � .13 2–6 78 5.8 � .06 1–8 367 5.9 � .06 2–8 343
Tarsus (mm) 18.5 � .06 17.1–19.9 78 18.4 � .03 14.7–20.2 367 18.4 � .04 15.3–19.9 343
Body mass (g) 10.0 � .11 5.9–12.2 78 9.7 � .04 5.8–12.2 367 9.6 � .04 6.3–11.7 343
Residual body mass .3 � .11 �4.1 to 2.2 78 .1 � .04 �2.6 to 2.8 367 �.1 � .05 �9.5 to 2.0 343
Hematocrit (%) 42.0 � .62 32–60 78 41.5 � .34 26.1–63.2 367 40.9 � .30 26.6–58.9 343
A-G ratio 6.2 � .25 1.6–11.6 78 6.4 � .14 2.6–18.4 367 5.3 � .08 1.6–10.8 343
Temperature (�C) 19.6 � .31 14.4–24.4 78 22.4 � .19 17.7–28.9 367 21.2 � .22 17.8–28.3 343
PHA injection time (hours) … 0745–1152 77 … 0715–1417 367 … 0700–1228 343
PHA reading time (hours) … 0713–1120 77 … 0654–1547 367 … 0725–1535 343
Blood sample time … … … … … … … 0705–1228 190

overnight at 37�C to allow colony formation by surviving bac-
teria. The following day, we counted visible E. coli colonies in
the duplicate plates and calculated the mean number of sur-
viving colonies. The numbers of colonies from control samples
were used to calculate the proportion of total bacteria killed
for each nestling sample ( ).1 � duplicate mean/control mean

Statistical Analyses

We used SAS, version 9.1, statistical software (SAS Institute
2004) for all analyses. The residual body mass measure of con-
dition was obtained from the least squares linear regression of
untransformed values of mass on tarsus (see Green 2001;
Schulte-Hostedde et al. 2005; Schamber et al. 2009). We cal-
culated the repeatability of the PHA and hematocrit measure-
ments using the intraclass correlation coefficient from a one-
way ANOVA in PROC GLM. Repeatability of the three
measurements of preinjection wing-web thickness was r p

( , ) and of the postinjection mea-0.95 F p 62.16 P ! 0.0001646

surements, ( , ). Repeatability ofr p 0.95 F p 60.63 P ! 0.0001632

the three hematocrit measurements was (r p 0.99 F p825

, ).384.09 P ! 0.0001
We employed a mixed-model ANOVA in PROC MIXED to

examine the effects of condition measures and ecological var-
iables on each of the two measures of nestling immune function
(PHA response and bactericidal activity). Nest of origin was
included as a random effect to account for the statistical non-
independence of nestlings within a brood. Parameter estimates
were obtained using restricted maximum likelihood, and de-
grees of freedom were estimated using the Satterthwait ap-
proximation (Littell et al. 2006). In the analysis of PHA re-
sponse (square-root transformed to normalize the data), we
included year, brood day 0 (a measure of the temporal place-
ment of the nest within the breeding season), brood size, tarsus,
mass, hematocrit, A-G ratio, average temperature on the day
of PHA injection, time of day of the PHA injection, and time
of day of the PHA reading as fixed factors. In the analysis of
bactericidal activity (square-root transformed to normalize the
data), we included brood day 0, brood size, tarsus, mass, he-
matocrit, A-G ratio, average temperature on the day the blood
sample was drawn, and time of day that the blood sample was
drawn on bactericidal activity as fixed factors. For the latter
analysis, no year effect was included because the bactericidal
response was measured in a single year. To examine the rela-
tionship between physiological measures of condition and re-
sidual body mass, we used a mixed-model ANOVA with he-
matocrit, A-G ratio, and year as fixed factors and residual body
mass as the dependent variable. Pairwise comparisons among
years of least squares means were made with follow-up t-tests
using Tukey-Kramer P value corrections for multiple tests. We
set the significance level at for all tests.a p 0.05

Results

Cutaneous Immune Activity and Condition

PHA response varied significantly among broods (Wald Z p
, ). PHA response was also significantly influ-7.49 P ! 0.0001

enced by year, nestling mass, and the time of day that the
injection was performed (Table 1). PHA response increased



Correlates of Immune Response and Condition 515

Table 3: Mixed-model ANOVA summary of the
plasma bactericidal analysis

Effect NDF DDF F P

Brood day 0 1 36.5 2.79 .0933
Brood size 1 36.7 .58 .4497
Tarsus 1 172 2.11 .1484
Body mass 1 181 .85 .3575
Hematocrit 1 180 .92 .3390
A-G ratio 1 180 2.24 .1359
Average temperature 1 32.7 1.83 .1848
Time of blood sample 1 42.1 .00 .9776

Note. NDF p numerator degrees of freedom; DDF p denominator

degrees of freedom.

Table 4: Mixed-model ANOVA summary
of the residual body mass analysis

Effect NDF DDF F P

Year 2 159 5.08 .0073
Hematocrit 1 757 6.60 .0104
A-G ratio 1 786 2.18 .1403

Note. NDF p numerator degrees of freedom; DDF p
denominator degrees of freedom.

with nestling mass, and nestlings injected with PHA later in
the day had a lower PHA response than those injected earlier.
PHA response was strongest and did not differ significantly in
2004 and 2006 ( , ). The response wast p 1.69 P p 0.212163

weakest in 2005, which was significantly lower than in either
2004 ( , ) or 2006 ( ,t p 3.91 P p 0.0001 t p �4.83 P !163 151

; Table 2).0.0001

Innate Immunity and Condition

Bactericidal response varied significantly among broods (Wald
, ). However, none of the independent var-Z p 3.42 P p 0.0003

iables in the model had a significant effect on the bactericidal
response (Table 3).

Morphological and Hematoserological Measures of Condition

Morphological condition, assessed as residual body mass, varied
significantly among broods (Wald , ) as wellZ p 6.32 P ! 0.0001
as among years and with hematocrit (Table 4). Nestlings with
higher residual body mass had higher hematocrit values. Re-
sidual body mass was significantly higher in 2004 than in 2006
( , ); 2004 and 2005 were not significantlyt p 2.87 P p 0.013165

different ( , ), nor were 2005 and 2006t p 1.41 P p 0.338164

( , ).t p 2.28 P p 0.062153

Discussion

We examined whether commonly used measures of body con-
dition and ecological variables correlate with cutaneous im-
mune activity and plasma bactericidal activity in nestling house
wrens. Not unexpectedly, broods differed significantly in both
cutaneous immune response and bactericidal response, a result
discussed in detail in Forsman et al. (2008a). Broods also dif-
fered significantly in residual body mass, which is typically the
case when interbrood variation is measured. Similarly, both
PHA response and residual body mass differed among years.

Our prediction that nestlings in better general condition
would mount stronger immune responses was partially sup-
ported in that the magnitude of the PHA response was posi-
tively related to nestling body mass. In contrast, the bactericidal

response was not significantly related to any measure of general
condition. These results are consistent with the expectation that
a largely innate immune response (bactericidal activity) would
be less likely to be correlated with measures of general condition
than an immune response that involved adaptive components
(PHA response). The magnitude of the PHA response was af-
fected by both year of measurement and time of injection,
results again consistent with the expectation that the PHA cu-
taneous response would be more likely than the innate response
to respond to differences in environmental or short-term phys-
iological conditions.

Cutaneous Immune Responsiveness

The time of day at which the PHA challenge was administered
significantly influenced cutaneous immune activity, with PHA
response of nestlings declining from early morning to early
afternoon. This pattern has been reported previously in free-
living nestling Eurasian kestrels (Falco tinnunculus; Martı́nez-
Padilla 2006) as well as in captive house sparrows (Passer
domesticus; Navarro et al. 2003). Navarro et al. (2003) hypoth-
esized that stronger cutaneous immune activity at night could
be an adaptation to ectoparasites, which are more active at this
time when nestling body temperature is lower than during
daylight hours. House wren nests vary considerably in the num-
bers of ectoparasitic mites that they contain (Pacejka et al.
1998), and a stronger early- than late-morning response to
PHA injection may reflect a lag from a nighttime maximum
investment in immune response. Alternatively, Martı́nez-
Padilla (2006) suggested that the decline in cutaneous immune
activity during the day may be caused by diurnal variation in
energy expenditure of nestlings, especially in the context of
sibling competition, which is an energetically costly activity
(Massemin et al. 2002). Sibling competition among house wren
nestlings might arise from multiple sources, including reduced
intrabrood relatedness brought about by high rates of extrapair
fertilization (Soukup and Thompson 1998; Forsman et al.
2008b) and asynchronous hatching (Harper et al. 1992). Also,
provisioning rates late in the nestling period are typically higher
in the morning than in the afternoon in house wrens (Kendeigh
1952), suggesting that nestlings may become more energy lim-
ited as the day progresses. Because mounting an immune re-
sponse is energetically costly (e.g., Lochmiller and Deerenberg
2000; Norris and Evans 2000; Martin et al. 2003), nestlings may
attenuate cutaneous immune activity in response to PHA in-
jection in favor of other physiological functions when resources
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are limited (Sheldon and Verhulst 1996; Svensson et al. 1998;
Brzęk and Konarzewski 2007). Indeed, Alonso-Alvarez and Tella
(2001) found a positive correlation between body mass and
cutaneous immunity only when food was restricted.

Cutaneous immune activity was significantly related to the
body mass of our house wren nestlings, a result paralleling that
reported in other studies (e.g., Tella et al. 2001; Gleeson et al.
2005; Forero et al. 2006). Immune responses are typically re-
lated to some measure of general condition in a wide range of
domestic and free-ranging animals (see Navarro et al. 2003).
It is not surprising, then, that cutaneous immune activity, which
includes both innate and adaptive components, is related to
body mass. We cannot, however, rule out the role that age plays
in this relationship. Recent results from our study population
show that at the time that the nestlings’ final weight is recorded,
the older nestlings (up to 3 d older than their youngest siblings
because of asynchronous hatching in some broods) tend to be
heavier than their younger siblings (E. K. Bowers, unpublished
data). Thus, the relationship between mass and PHA response
may involve an age-related ontogenetic component.

Innate Immune Responsiveness

We had expected that bactericidal activity would be less affected
by condition-related factors than cutaneous immune activity.
This prediction was supported by our finding that nestling mass
correlated with PHA response but not bactericidal activity.
These results are consistent with a previous study that reported
a lack of correlation between measures of innate immunity
(natural antibodies and complement activity) and body con-
dition in tree swallow nestlings (Tachycineta bicolor; Palacios et
al. 2009). Similarly, Saino et al. (2002) found no correlation
between one aspect of innate immunity (lysozyme activity) and
experimentally manipulated brood size in nestling barn swal-
lows (Hirundo rustica; Saino et al. 2002), suggesting that genetic
(Cucco et al. 2006) and maternal effects may be more important
than the immediate environment in determining innate im-
munity of offspring under most circumstances. Significant ef-
fects of body condition and environmental factors on innate
immune function may be observable only under unusually poor
conditions. Most of the nestlings in our study were probably
raised under favorable conditions; they had high-quality arti-
ficial nesting sites, and during most of the breeding season,
they had an abundant food supply, as testified to by the ability
of parents to raise successfully broods in which the number of
nestlings has been experimentally increased in previous studies
(Finke et al. 1987; Harper et al. 1992).

Residual Body Mass and Other Measures of Condition

We utilized three measures of condition that undoubtedly re-
flect somewhat different dimensions of health state (sensu Ots
et al. 1998). Residual body mass scales body mass with measures
of body size with the goal of functionally separating mass of
nutrient reserves (mainly lipid) from mass of structural size
(including protein reserves). Thus, individuals with high resid-

ual body mass are assumed to have greater nutrient reserves
(see discussion in Schamber et al. 2009). A high A-G ratio, on
the other hand, is associated with adequate reserves of amino
acids and lack of any pathological state (high albumin) and
prior activation of a humoral immune response (low g-glob-
ulin; Ots et al. 1998; Kilgas et al. 2006). Low hematocrit levels
are associated with an anemic condition and can be brought
about by hemodilution and reduced red blood cell production,
with one cause of the latter being poor nutrition (Wagner et
al. 2008). High hematocrit is associated with the extent and
efficiency of oxygen uptake and high metabolic activity pre-
ceding measurement (Ots et al. 1998). Poor nutrition would
most likely explain why house wren nestlings with low he-
matocrit values had lower residual body mass. The relations
between residual mass and hematocrit and the lack of a similar
relationship with the A-G ratio reinforce the point that these
two measures reflect different aspects of health state.

Although both cutaneous and innate responses appear to be
influenced by body condition, the degree of influence may
differ, especially during periods of increased energetic demand
for other processes such as nestling growth and adult repro-
duction. For example, Masello et al. (2009) found that although
body condition was positively correlated with innate immunity
(heterophil number) in nestling burrowing parrots (Cyanoliseus
patagonus), the number of lymphocytes, part of the adaptive
immune system, varied independently of body condition. More
typically, acquired immunity in female common eiders (So-
materia mollissima) was suppressed during incubation, while
innate immunity was preserved (Bourgeon et al. 2006). Palacios
et al. (2009) also reported that natural antibody levels and
complement activity were condition independent in nestling
and adult tree swallows.

Overall, previous research and the results of our study suggest
that immune defenses that are part of the innate branch may
be less sensitive to differences in body condition than defenses
in other branches, particularly when resources are limiting.
Thus, future studies of immune variation would benefit from
using a combination of assays and careful consideration of the
extent to which each assay measures innate or adaptive
immunity.
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