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Abstract Developmental periods are integral compo-
nents of life history strategies that can have important
fitness consequences and vary enormously among
organisms. However, the selection pressures and mech-
anisms causing variation in length of developmental
periods are poorly understood. Particularly puzzling are
prolonged developmental periods, because their selective
advantage is unclear. Here we tested the hypotheses that
immune function is stronger in species that are attacked
at a higher rate by parasites and that prolonged
embryonic development allows the development of this
stronger immune system. Through a comparative field
study among 12 coexisting passerine bird species, we
show that species with higher blood parasite prevalence
mounted stronger cellular immune responses than spe-
cies with lower prevalence. These results provide support
for the hypothesis that species facing greater selection
pressure from parasites invest more in immune function.
However, species with longer incubation periods
mounted weaker cellular immune responses than species
with shorter periods. Therefore, cellular immune re-
sponses do not support the hypothesis that longer
development time enhances immunocompentence. Fu-
ture studies should assess other components of the im-
mune system and test alternative causes of variation in
incubation periods among bird species.
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Introduction

Understanding why organisms vary so broadly in their
life history strategies is a major question in evolutionary
biology (Roff 1992, 2002; Stearns 1992). Rates of
development and resulting developmental periods are
integral components of life history strategies that can
have important fitness consequences (Promislow and
Harvey 1990; Ricklefs 1993; Gebhardt-Heinrich and
Richner 1998; Martin 2002), and are therefore expected
to be optimized within physiological constraints of
species facing different environmental pressures (Remes
and Martin 2002). Duration of developmental periods
shows extensive variation within and among diverse
taxa, e.g. birds (Ricklefs 1993), mammals (Promislow
and Harvey 1990), snakes (Shine 2003). For example,
among placental mammals, gestation length can vary
from 18 to 660 days (Promislow and Harvey 1990), and
wide variation remains unexplained even after control-
ling for the allometric effect of body mass. In short, the
mechanisms and selection pressures that underlie this
extensive variation in duration of developmental periods
remain unclear, and need study.

Birds constitute an excellent group in which to study
variation in developmental periods because develop-
mental periods vary greatly among species (Ricklefs and
Starck 1998; Martin 2002) and are relatively easy to
measure in the field. The latter is particularly true for the
length of embryonic development, which is manifested
as the incubation period. Incubation duration varies
from 9 to about 80 days among bird species and can
vary over a threefold range even among species of sim-
ilar body size and developmental state of the neonate
(i.e. altricial-precocial spectrum) (Rahn and Ar 1974;
Lloyd 2004). Most selection pressures (e.g. nest preda-
tion, sibling competition, and harsh weather) are
thought to favor short incubation periods in order to
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reduce the negative effects of time dependent mortality
(Lack 1968; Ricklefs 1993; Bosque and Bosque 1995;
Martin and Clobert 1996; Martin 2002; Lloyd and
Martin 2003). The existence of broad variation in the
duration of incubation period and especially long incu-
bation periods, therefore, is puzzling and suggests that a
longer embryonic period must provide some advantage
(Ricklefs 1993; Martin and Clobert 1996; Ricklefs and
Starck 1998; Martin 2002).

A particularly interesting possibility is that longer
incubation periods might allow enhanced development
of immunocompetence (Ricklefs 1992, 1993), which is
defined as the ability of an individual to defend itself
from parasites and disease. This hypothesis was pro-
posed based on the finding of a correlation between
blood parasite prevalence and incubation period length
among families of non-raptorial altricial land birds
(Ricklefs 1992); a pattern that was later found for bird
of prey species (Tella et al. 1999). Parasites are ubiqui-
tous environmental components that negatively affect
the fitness of their hosts and are thought to have played
an important role in several aspects of avian life history
evolution (e.g. Moller 1997; Fitze et al. 2004). Therefore,
the potential role of parasites and immune function in
favoring longer incubation periods in birds is intriguing
and deserves study.

Under this scenario, bird species facing higher risk
from parasites should invest more in development of
their immune system (Moller and Erritzoe 1996, 1998;
Moller 1998; Martin et al. 2001), which might be
achieved by a lengthened incubation period (Ricklefs
1992, 1993). To our knowledge, only one study to date
(Tella et al. 2002) has tested the latter hypothesis, and
found no support for it. The study by Tella et al. (2002)
was performed using data gathered from the literature
and therefore included measurements made by different
investigators, using different protocols and techniques,
and across very different environments. All these factors

introduce extraneous variation in the data, potentially
obscuring patterns.

To minimize these potential problems, we conducted
a focused comparative field study among passerine bird
species coexisting in the same environment (i.e. location
and habitat), in which all measurements were performed
by the same researchers during a relatively short study
period. We examined two main predictions: (1) species
subject to greater exposure to parasites should mount
stronger immune responses to novel antigens than spe-
cies facing lower exposure, and in turn and (2) species
mounting stronger immune responses should have
longer incubation periods than species mounting weaker
responses. We tested these predictions while controlling
for other potential explanatory factors.

Materials and methods

Study site and study species

Field work was conducted in snowmelt drainages of a
high elevation (2600 m) mixed deciduous-conifer forest
on the Mogollon Rim in central Arizona (see Martin
1998 for habitat details). We performed a comparative
study across 12 passerine bird species that are common
breeders in the study area and for which we could obtain
adequate sample sizes (i.e. ‡5 broods per species for
immune function sampling and ‡10 individuals per
species for parasite sampling) (Table 1). We searched for
nests from the beginning of May to the end of July
during the 2001 and 2002 breeding seasons and during
June in the 2003 breeding season. We located nests based
on parental behavior (Martin and Geupel 1993). We
checked nests every 2–4 days to record activity and
status, except that we checked nests more frequently,
even daily, during transition events (i.e. hatching and
fledging) to quantify period lengths (Martin 1998, 2002).

n1 sample size for PHA response and body mass, n2 sample size for
blood parasite prevalence, n3 sample size for incubation period, ND
no data (see methods)

Data shown are means (SE) except for blood parasite prevalence
aSampling unit is one brood (see methods)
bSampling unit is an individual bird

Table 1 Summary information on PHA response, body mass of nestlings on the day of the PHA test, blood parasite prevalence, and
duration of the incubation period for our study species

Species PHA
response (mm)a

Body mass
(g)a

n1 Blood parasite
prevalence (%)b

n2 Incubation
period (days)

n3

American robin (Turdus migratorius) 0.75 (0.106) 43.22 (2.66) 7 31 16 12.70 (0.0303) 180
Western bluebird (Sialia mexicana) 0.68 (0.049) 24.10 (0.73) 6 ND 1 13.70 (0.0306) 37
Green-tailed towhee (Pipilo chlorurus) 0.48 (0.049) 18.32 (0.55) 7 22 18 12.00 (0.1679) 18
Grey-headed junco (Junco hyemalis) 0.90 (0.041) 14.67 (0.30) 15 47 19 12.45 (0.0751) 127
Orange-crowned warbler (Vermivora celata) 0.32 (0.047) 7.55 (0.19) 9 7 15 12.67 (0.0801) 111
Virginia’s warbler (Vermivora virginiae) 0.35 (0.049) 6.37 (0.26) 8 5 20 12.30 (0.0936) 85
Red-faced warbler (Cardellina rubrifrons) 0.31 (0.054) 8.20 (0.15) 5 0 20 12.82 (0.0606) 111
Brown creeper (Certhia americana) 0.25 (0.045) 6.67 (0.09) 6 0 10 14.56 (0.0585) 117
House wren (Troglodytes aedon) 0.39 (0.054) 9.23 (0.34) 10 25 16 13.75 (0.0208) 294
White-breasted nuthatch (Sitta canadensis) 1.14 (0.089) 16.62 (0.65) 5 ND 2 12.38 (0.1231) 58
Mountain chickadee (Parus gambeli) 0.44 (0.029) 9.86 (0.42) 6 6 16 13.78 (0.0228) 154
Cordilleran flycatcher (Empidonax occidentalis) 0.24 (0.057) 10.49 (0.24) 6 5 19 14.65 (0.0602) 144
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Incubation period was defined as the interval between
laying and hatching of the last laid egg (Nice 1954). Data
on incubation periods (Table 1) and nest predation rates
are from a long-term study of our study populations
(Martin 2002) and supplemented with more recent data
to ensure robust estimates.

Assessment of parasite prevalence

Birds are host to a wide variety of parasites (Clayton
and Moore 1997). We sampled three main groups of
avian parasites: blood parasites, ectoparasites, and
intestinal parasites. Prevalence of ectoparasites and
intestinal parasites was very low in our study site, being
zero for many species (M. G. Palacios, unpublished
data). Therefore, we focused on the prevalence of blood
parasites. Interspecific variation in blood parasite prev-
alence [i.e. percentage of infected host individuals in a
sample (Margolis et al. 1982)] could result from differ-
ential exposure or differential resistance to parasites
(Read 1991; Yezerinac and Weatherhead 1995). Distin-
guishing between the two possible causes in wild popu-
lations is virtually impossible at present (Yezerinac and
Weatherhead 1995). However, some indication that
blood parasite prevalence might actually reflect the level
of exposure to blood parasites comes from empirical
evidence showing that blood parasite prevalence is
positively correlated with the abundance and activity of
the parasites’ vectors (see Yezerinac and Weatherhead
1995). Therefore, we used prevalence of blood parasites
as an indicator of the level of exposure to blood para-
sites in the environment and their potential selection
pressure on their hosts.

We estimated the prevalence of blood parasites by
scanning blood smears from adult birds. We could not
estimate prevalence from nestlings because the latency
for detection of blood parasites in peripheral blood is
usually longer than the nestling period for many of the
study species (Bennett et al. 1995). A droplet of blood
from adult birds was used to prepare thin smears using
glass microscope slides. Smears were air dried, fixed with
absolute methanol, and stained with Giemsa stain. Each
whole smear was scanned under 400· for the presence of
Trypanosoma spp., Leucocytozoon spp., and microfila-
riae; whereas Plasmodium spp. and Haemoproteus spp.
were screened in 100 microscope fields under 1000·
magnification. Recommendations by Godfrey et al.
(1987) for quantification of blood parasites were fol-
lowed. Prevalence of blood parasites was calculated for
all study species except western bluebird and white-
breasted nuthatch (Table 1), for which sample sizes were
too low for precise estimation.

Assessment of immune function

The avian immune system includes different components
that interact to defend the organism against parasites

and disease (Toivanen and Toivanen 1987). Two main
arms are recognized: innate immunity and acquired
immunity. The latter arm can be further subdivided into
a humoral and a cell-mediated component (Roitt et al.
1998). Given this complexity, a broad scale estimate of
immunocompetence would require performing several
immunological tests involving different antigens and a
large number or individuals, but this is likely to conflict
with practical and ethical considerations (Gonzalez et al.
1999; Norris and Evans 2000), especially in studies
performed on wild animals in the field. Therefore, since
the proposed mechanism linking length of the incuba-
tion period and development of the immune system in-
volves mainly the acquired arm (Ricklefs 1992; Apanius
1998), we focused on this component as a first approach
for testing the hypothesis of interest.

We assessed immune function of nestlings of all study
species using the in vivo immune response to phyto-
haemagglutinin (PHA), a novel antigen. The use of a
novel antigen instead of a real pathogen is necessary to
avoid the potential confounding of unknown exposure
history to real pathogens by the different species. The
PHA skin test is a standard immune challenge that has
been widely used as a general index of cell-mediated
immunity for birds in the field (Norris and Evans 2000;
Fairbrother et al. 2004), and intraspecific studies have
shown that stronger immune responses to PHA are
associated with increased survival of individuals (e.g.
Saino et al. 1997a, b; Christe et al. 1998, 2001; Horak
et al. 1999).

We followed the simplified version of the PHA test
described by Smits et al. (1999). First, we measured the
thickness of the wing-web to the nearest 0.01 mm using
a pressure-sensitive micrometer (Mitutoyo, Japan).
Next, we injected the wing-web with 0.2 mg PHA (Sig-
ma L-8754) in 0.04 ml of phosphate buffered saline
(PBS). This dose of PHA has been widely used in studies
of passerine species in the wild (Saino et al. 1997b, 1999,
2003; Soler et al. 1999; Moller et al. 2001). Approxi-
mately 24 h later we measured the swelling of the wing-
web at the site of injection. The immune response (PHA
response) was estimated as the difference between the
initial and the final measurements of wing-web thick-
ness. We performed this test on nestlings from all study
species (Table 1) at a similar developmental stage (i.e.
when primary feathers break their sheaths) to stan-
dardize for interspecific comparisons and variation in
PHA response among species was significantly larger
than variation within species (ANOVA: F11,78=23.32,
p<0.0001). Body mass of nestlings was measured to the
nearest 0.01 g using an electronic scale. All nestlings in a
nest were measured and the average for the brood was
calculated. These brood means were then averaged to
obtain the mean measurement for each species. There-
fore, broods constituted the sampling units for mea-
surements performed on nestlings.

We examined blood parasites in adults because many
of the most common blood parasites cannot be detected
in circulation at the early age at which the PHA test was
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performed (see above) and we assume that differential
selection on immune function among species should be
appropriately indexed by differences in infection rates as
measured in adults. We examined immune function in
nestlings because the hypothesis we tested centered on
possible effects of developmental period on immune
function. However, we assume that a functional rela-
tionship exists between nestling and adult immuno-
competence such that species having stronger immune
responses by nestlings also have stronger responses by
adults. This is likely given that most of the ontogeny of
the immune system takes place during embryonic and
early postnatal development. Indeed, comparative
studies show that PHA of nestlings and adults are di-
rectly proportional (i.e. do not deviate from isometry)
(Moller et al. 2001) and tightly positively correlated
among species (e.g. Moller et al. 2001; Tella et al. 2002).
Thus, we expect the relationship between immune re-
sponses of nestlings and adult parasite infection to re-
flect adult relationships.

Comparative analyses

We used phylogenetically independent constrasts (Fel-
senstein 1985) to correct for possible phylogenetic ef-
fects. We calculated independent contrasts, assuming
equal branch lengths, with the program COMPARE
(Martins 2003) and using a phylogenetic hypothesis de-
rived from sources summarized in Martin and Clobert
(1996).

Statistical analyses

We performed multiple regression analyses to test for
the predicted relationships among the variables of
interest (i.e. incubation period, immune response, and
parasite prevalence) or their respective independent
contrasts. Relationships among contrasts were estimated
using regressions through the origin (Harvey and Pagel
1991). Several factors could confound the relationships
of interest and we therefore assessed these factors as
potential explanatory variables in the multiple regres-
sion analyses.

Body mass was used to control for its positive effect
on immune responses across species (Martin et al. 2001).
We included the rate of nest predation as a covariate
that can influence incubation period (Martin 2002) in
order to assess the unique relationship between incuba-
tion period and immune function. In addition, absolute
age at which the PHA test is performed, duration of the
nestling period, clutch size, and nest type (i.e. open cup
or cavity) were assessed as potential explanatory vari-
ables as they have been associated with PHA response in
previous studies (Martin et al. 2001; Tella et al. 2002).
Absolute age at PHA test (i.e. age at pin break in our
case) was known for all species except the western
bluebird.

All variables were log10 transformed to achieve nor-
mality before analyses, except for nest predation rate
and clutch size that were normally distributed. All sta-
tistical analyses were performed using SPSS 11.5.0.

Results

Blood parasite prevalence and immune function

All major types of avian blood parasites (i.e. Haemo-
proteus spp., Plasmodium spp., Trypanosoma spp.,
Leucocytozoon spp., and microfilaria) were present in the
study species. Total blood parasite prevalence (i.e. per-
centage of individuals infected with any type of blood
parasite) varied considerably among species (Table 1),
and increased with body mass (r=0.682, p=0.030,
n=10), although not when independent contrasts were
used to control for possible phylogenetic effects
(r=0.524, p=0.148, n=9). There was no relationship
between total blood parasite prevalence and incubation
period among species, either in a simple regression
(r=�0.422, p=0.225, n=10) or in multiple regression
models controlling for potential confounding variables
(i.e. body mass and/or nest predation rate) (rp<�0.433,
p>0.244, n=10). The strength of the cellular immune
response assessed by the PHA test increased with body
mass (r=0.703, p=0.011, n=12), as seen in previous
comparative studies (e.g. Martin et al. 2001; Tella et al.
2002); and there was a marginally significant trend when
possible phylogenetic effects were controlled with inde-
pendent contrasts (rp=0.614, p=0.079, n=11). After
controlling for allometric effects, PHA response in-
creased with total blood parasite prevalence among
species (rp=0.923, p<0.0001, n=10, Fig. 1), even after
controlling for possible phylogenetic effects (rp=0.954,
p<0.0001, n=9). Thus, the results provide support for

Residual blood parasite prevalence

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10

R
es

id
u

al
 o

f 
P

H
A

 r
es

p
o

n
se

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

Fig. 1 Scatterplot of the residuals from the multiple regression
model showing increasing PHA response with increasing preva-
lence of blood parasites when controlling for body mass among ten
passerine bird species (see Table 1 and methods). Linear regression
line: y=0.164+0.278x (rp=0.923, p<0.0001)
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the prediction that species facing greater exposure to
parasites show stronger cellular immune responses to
novel antigens.

Developmental periods and immune function

Age of nestlings on the day of the PHA challenge (i.e.
pin break) was strongly positively related to total length
of the nestling period among species (r=0.830,
p=0.002, n=11; independent contrasts: r=0.827,
p=0.003, n=10). However, neither age of nestlings nor
length of the nestling period explained significant vari-
ation in PHA response among the study species when
controlling for body mass (age at test: rp=0.096,
p=0.791, n=11; independent contrasts: rp=�0.015,
p=0.970, n=10; nestling period: rp=0.011, p=0.974,
n=12; independent contrasts: rp=0.013, p=0.972,
n=11). Furthermore, lengths of the nestling period and
incubation period were not correlated among species
(r=0.498, p=0.100, n=12; independent contrasts:
r=0.032, p=0.925, n=11). Therefore, length of the
nestling period is not likely to confound the analyses
involving length of the incubation period and immune
response. Similarly, clutch size and nest type did not
explain variation in PHA response (after controlling for
allometry) among our study species and are therefore
not discussed any further (clutch size: rp=0.353,
p=0.286, n=12; nest type (ANCOVA): F1,10=0.713,
p=0.420, n=12).

Given the observed allometric effect on PHA re-
sponses in this and other studies (e.g. Moller et al. 2001;
Tella et al. 2002), we used residual PHA response after
correcting for body mass in the remaining analyses. Both
nest predation rate and residual PHA responses ex-
plained significant variation in incubation period among
species (whole model: r2=0.718, p=0.003, Fig. 2). As
found in other studies (e.g. Martin 2002), species suf-
fering higher rates of nest predation had shorter incu-
bation periods than species with lower nest predation
rates (rp=�0.807, p=0.003, n=12, Fig. 2a). However,
contrary to our initial prediction, we found a negative
relationship between length of the incubation period and
strength of the PHA immune response (rp=�0.761,
p=0.007, n=12, Fig. 2b); that is, species with longer

incubation periods mounted weaker rather than stronger
cellular immune responses. The latter result remained
significant when we controlled for phylogeny using
independent contrasts (rp=�0.700, p=0.036, n=11),
while the relationship between incubation period and
nest predation rate was no longer significant
(rp=�0.302, p=0.439, n=11). Thus, our results do not
provide support for the prediction that species with
longer incubation periods are able to develop and mount
stronger cellular immune responses to novel antigens.

Discussion

Blood parasite prevalence and immune function

The immune system is one of the main defenses organ-
isms have evolved to cope with parasites and disease,
and therefore, we expect species facing greater selection
pressure from parasites (either at the nestling or adult
stage) to have evolved greater investment in immune
defenses. In accordance with this expectation, species
likely to face higher exposure to parasites (e.g. colonial
species and tropical species) have larger immune organs
and/or mount stronger immune responses than their
counterparts (e.g. solitary species and temperate species)
(Moller and Erritzoe 1996, 1998; Moller 1997, 1998;
Moller et al. 2001). Moreover, parasite abundance can
predict immunological investment among populations
within a species (Lindstrom et al. 2004).

Our field study provides additional evidence that
exposure to parasites can influence investment in im-
mune function. We show for the first time that species
having higher prevalence of blood parasites mount
stronger cellular immune responses than coexisting
species with lower prevalences (Fig. 1). This result fol-
lows theoretical predictions that an evolutionary arms
race should cause species that are attacked by parasites
at a higher rate to evolve stronger immune defense, but
still be attacked at a higher rate, causing a positive
relationship between parasite abundance and immune
function (Martin et al. 2001). Indeed, our results are
opposite that expected if immune function influenced
parasite prevalence (i.e. a proximate effect); in this case,
greater immune function should, if anything, yield

Residual of PHA response

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

R
es

id
u

al
 o

f 
in

cu
b

at
io

n
 p

er
io

d

Residual of nest predation rate

-0.02 -0.01 0.00 0.01 0.02 0.03
-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

a b
Fig. 2 Scatterplots of the
residuals from the multiple
regression model of incubation
period relative to a nest
predation rate among species
and b PHA response (mass
corrected)

509



reduced parasite prevalence and immune function
should show a negative relationship with parasite prev-
alence rather than the positive one that we observed.

On the other hand, it could be argued that a positive
relationship between blood parasite prevalence and im-
mune response could arise if species facing current
infection with parasites had enhanced overall immune
responses to fight the ongoing infection. Although we do
not know the infection history of our populations, as is
the case of most studies of ecological immunology, evi-
dence from intraspecific studies suggests that this is not
the case. That is, individuals infected with parasites
actually have lower immune responses to PHA than
healthy individuals (e.g. Johnsen and Zuk 1999; Nav-
arro et al. 2003). Thus, the positive relationship we
found between blood parasite prevalence and immune
response to PHA across species suggests that greater
exposure to blood parasites favors increased investment
in cell-mediated immunity.

Our finding is also in accordance with evidence
suggesting that the cellular immune response might be
of main importance in fighting infections by haemato-
zoans (i.e. Haemoproteus spp., Plasmodium spp., and
Leucocytozoon spp.), which were the most common
blood parasites in our study populations. For instance,
defense against apicomplexan parasites in poultry de-
pends largely on the cellular component of the immune
system (Lillehoj 1991), and experimental studies have
shown an association between blood parasite infection
and cellular immune response, but not with humoral
immune response (Gonzalez et al. 1999; Soler et al.
2003).

To our knowledge, only Tella et al. (2002) assessed
the relationship between prevalence of blood parasites
and PHA response among avian species. In contrast to
expectations and our results, they found no relationship
between prevalence of blood parasites of adults and
PHA response of adults or nestlings among 27 small
altricial species using data compiled from the literature.
The discrepancy between these results potentially reflects
the different set of species included in the studies and/or
the different nature of the data used. Data gathered from
the literature are inherently more variable than data
collected by the same researchers in a planned field
study. For example, PHA responses gathered from the
literature usually include measurements made by differ-
ent investigators using critically different protocols (e.g.
concentration of PHA solution, volume of PHA solu-
tion injected, use of controls, age/stage at challenge) and
on species that live in very different environments. The
same is probably the case for the data on blood parasite
prevalence gathered from the literature. Prevalence of
blood parasites can vary considerably among environ-
ments (i.e. habitats) and across study years for a given
population (Bennett et al. 1995; Yezerinac and Weath-
erhead 1995; Bauchau 1998). Pooling data from dispa-
rate studies might, therefore, confound analyses of
interspecific variation (Yezerinac and Weatherhead
1995).

As a consequence, the study by Tella et al. (2002) and
other studies using data gathered from the literature
might fail to detect existing patterns due to inherent
extraneous variation in the dataset. This highlights the
value of performing comparative field studies in the
same habitat and location and in which all the variables
are measured by the same researchers using the same
methodology.

Incubation period and immune function

Our results from cellular immune responses did not
support the hypothesis that longer incubation periods
allow enhanced immune function (Ricklefs 1992, 1993),
even after assessing (and when necessary controlling) for
potential confounding factors such as allometry, rate of
nest predation, age of nestlings at PHA challenge,
duration of the nestling period, clutch size, nest type,
and phylogeny. Indeed, opposite to the prediction, our
field study across coexisting passerines shows that spe-
cies with relatively longer incubation periods mounted
weaker cellular immune responses than species with
shorter periods. At present, the reason for the negative
relationship between incubation period and PHA re-
sponse among the study species is unclear. However, a
field study of 24 coexisting passerine bird species in
South Africa also found a strong negative relationship
between incubation period and PHA response (P. Lloyd
and T. E. Martin, unpublished data), suggesting that the
pattern observed here may be robust.

In addition, we did not find the negative relationship
between blood parasite prevalence and incubation peri-
od that inspired the hypothesis linking immune function
and duration of embryonic development (Ricklefs 1992;
Tella et al. 1999). This disparity could be due to the
different set of species analyzed or could be the result of
the taxonomic level at which the analyses were per-
formed (e.g. family level in Ricklefs (1992) while species
level in our study). Thus, our results suggest that longer
embryonic development in birds does not result in better
immune function, at least as measured by the PHA test,
but that immune function measured by the PHA test is
responsive to parasite attack rates and thus a reasonable
index of immune function responsiveness to environ-
mental selection.

The conclusion that longer embryonic development
does not result in better immune function was also
reached by Tella et al. (2002) using data from the liter-
ature. They found a positive correlation between PHA
response and incubation period, but this relationship did
not hold when other explanatory variables were included
in a multiple regression analysis (Tella et al. 2002). On
the other hand, we found a negative relationship be-
tween incubation period and PHA response after
accounting for potential confoundings. Again, compar-
ative field studies such as ours might be more likely to
detect existing patterns than studies that use data from
the literature due to the reduction in extraneous varia-
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tion that might obscure relationships. Moreover, the
significant relationships that we observed occurred
across a relatively narrow range of incubation periods,
as typical of north temperate passerines (Martin 2002).
Incubation periods vary much more extensively among
latitudes (Martin 2002), and comparisons of related
species among latitudes might provide further insights.
In addition, future tests of this hypothesis involving
immunological tests that assess other components of the
immune system would be important to evaluate the
generality of our results. Our understanding of why birds
vary so widely in the length of the incubation period
would also benefit from assessment of other proposed
physiological trade-offs such as development of a more
complex nervous system or enhanced general quality of
tissues with slower development (Ricklefs 1993; Ricklefs
and Starck 1998). Finally, consideration of alternative
hypotheses that do not depend on physiological trade-
offs are also important; in particular, prolonged incu-
bation could result from reduced nest attentiveness
(Martin 2002). If longer incubation periods are the result
of time spent at suboptimal embryo temperatures due to
reduced attentiveness (i.e. Martin 2002), then develop-
ment of all systems might be retarded (Martin et al. in
review), potentially explaining our observations of re-
duced immune function in such species.
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