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Abstract. Incubation behavior is one component of reproductive effort and thus influences the evolution of life-
history strategies. We examined the relative importance of body mass, frequency of mate feeding, food, nest predation,
and ambient temperature to explain interspecific variation in incubation behavior (nest attentiveness, on- and off-bout
durations, and nest trips per hour) using comparative analyses for North American passerines in which only females
incubate. Body mass and frequency of mate feeding explained little variation in incubation behavior. We were also
unable to detect any influence of food; diet and foraging strategy explained little interspecific variation in incubation
behavior. However, the typical temperature encountered during reproduction explained significant variation in incu-
bation behavior: Species breeding in colder environments take shorter bouts off the nest, which prevents eggs from
cooling to temperatures below the physiological zero temperature. These species must compensate for shorter off-
bouts by taking more of them (thus shorter on-bouts) to obtain needed energy for incubation. Nest predation also
explains significant variation in incubation behavior among passerines: Species that endure high nest predation have
evolved an incubation strategy (long on- and off-bouts) that minimizes activity that could attract predators. Nest
substrate explained additional variation in incubation behavior (cavity-nesting birds have shorter on-bouts and make
more frequent nest trips), presumably because nest predation and/or temperature varies among nest substrates. Thus,
nest predation can influence reproductive effort in a way previously not demonstrated—by placing a constraint on
parental activity at the nest. Incubating birds face an ecological cost associated with reproductive effort (predation
of entire brood) that should be considered in future attempts to explain avian life-history evolution.
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Many hypotheses proposed to explain the evolution of life-
history traits rely on an assumed trade-off between current
reproduction and future fitness owing to costs associated with
reproductive effort (Williams 1966; Bryant 1979; Partridge
and Harvey 1988; Reznick 1992; Martin 1995; Martin and
Clobert 1996). Studies of reproductive costs in birds focus
on the nestling period because energy constraints are com-
monly assumed to be greatest at this stage (Lack 1954, 1968;
Walsberg 1983; Murphy and Haukioja 1986; Nur 1988; Lin-
dén and Møller 1989; Daan et al. 1990; Williams 1996).
Previous studies of avian reproductive effort and life-history
evolution have ignored incubation because analyses of time-
energy budgets suggest it is a period of comparatively low
energy expenditure (O’Connor 1978; Walsberg 1983; Mur-
phy and Haukioja 1986). Yet, recent studies of field metabolic
rates using doubly labeled water have shown that energy
expenditure during incubation is as high or higher than during
the nestling period, especially for species with female-only
incubation (reviewed in Williams 1996). Consequently, fac-
tors that influence reproductive effort during incubation can
affect the evolution of other life-history traits (e.g., clutch
size, number of broods, probability of renesting).

In many species of temperate-zone passerine birds, only
females incubate the eggs (White and Kinney 1974; Ehrlich
et al. 1988). Such females face a trade-off in time allocation
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between foraging to meet their own nutritional requirements
and providing heat for developing embryos (Conway and
Martin 2000). Females also must decide how to divide a given
amount of foraging time throughout the day. Taking fewer
but longer foraging bouts rather than many short ones can
reduce the energy cost of incubation to the adult because
such a strategy reduces the number of times females must
rewarm the clutch (Drent 1975; Vleck 1981b; Williams
1996). However, taking long foraging bouts may slow or
impair embryo development because egg temperatures may
routinely drop below the physiological zero temperature
(temperature below which no embryonic development occurs;
Clark and Wilson 1981, Lyon and Montgomerie 1987, Haf-
torn 1988, Williams 1991). Thus, incubating females must
resolve trade-offs between self-maintenance and care of the
young by optimizing the length of on- and off-bouts (the
incubation rhythm).

Species vary widely in their incubation rhythms (Kendeigh
1952), but the underlying causes of this variation remain
obscure. Previous work has focused on proximate ecological
factors (e.g., ambient temperature, time of day) that affect
variation in incubation behavior within individual birds
(Weeden 1966; White and Kinney 1974; Davis et al. 1984;
Haftorn 1984; Morton and Pereyra 1985; Thompson and Rav-
eling 1987; Weathers and Sullivan 1989; Conway and Martin
2000). No previous studies have attempted to evaluate the
potential ultimate ecological factors that might explain the
large interspecific variation in incubation behavior.
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Large variation in incubation behavior across species may
be a function of species variation in body mass, frequency
of mate feeding, food availability/foraging success, ambient
temperature during incubation, and/or nest predation. Most
reviews of avian incubation suggest that on-bout duration is
dictated by energy needs of adults; hunger level dictates how
long a female can stay on the nest before getting off to forage
(Nice 1937; Kendeigh 1952; Weeden 1966; White and Kin-
ney 1974; Haftorn 1978; Weathers and Sullivan 1989; Wil-
liams 1991). Thus, species that use more energetically ex-
pensive foraging strategies or forage on food that is less
available or of lower quality may have to take longer or more
frequent bouts off the nest (off-bouts) to increase daily for-
aging time. Although food supplementation has increased
nest attentiveness (percent of daylight hours on nest; Nilsson
and Smith 1988; Moreno 1989), such results imply food (or
time) limitations influence incubation behavior within indi-
viduals and do not address whether variation in food avail-
ability among species explains interspecific variation in in-
cubation behavior. We tested whether food helps explain var-
iation among species by evaluating whether incubation be-
haviors differed among species grouped according to diet or
foraging categories.

Variation among species in incubation behavior may also
reflect evolved differences in behavior in response to the
ambient temperatures that a species typically experiences
during incubation. Among species that typically breed in
colder environments, evolution may have favored shorter off-
bouts to decrease the likelihood that egg temperatures would
fall below lethal temperatures (sensu Haftorn 1984; Weathers
and Sullivan 1989). Shorter foraging bouts may require fe-
males to take more of them (shorter bouts on the nest) to
allow acquisition of needed energy. The selective pressure
imposed by ambient temperature on incubation behavior
would be relaxed in species that typically breed in warmer
environments. We evaluated this hypothesis by testing
whether species that typically breed in colder environments
have shorter on- and off-bouts (and thus more nest trips per
hour) compared to species that typically breed in warmer
environments.

Risk of nest predation may help explain differences among
species in incubation behavior (Norton 1972; Thompson and
Raveling 1987; Weathers and Sullivan 1989; Norment 1995),
particularly if common nest predators locate nests by ob-
serving adult activity. Short bouts on and off the nest result
in more daily trips to and from the nest, which may increase
predation risk (Skutch 1949; Prescott 1964; Weathers and
Sullivan 1989; Martin 1996; Martin and Ghalambor 1999).
If nest predators locate nests by observing adult activity,
selection should favor long periods on and off the nest and
few trips to and from the nest in species in which risk of nest
predation is high. Even if common nest predators locate nests
using cues other than adult activity, high nest predation may
favor an incubation strategy (e.g., high nest attentiveness)
that maximizes the rate of embryonic development and re-
duces the number of days eggs are exposed to predators (Cody
1966; Ricklefs 1969; Perrins 1977; Bosque and Bosque
1995). We examined whether nest predation has influenced
the evolution of passerine incubation behavior by examining

whether incubation behaviors were correlated with the prob-
ability of nest predation across species.

Species differences in extent of incubation feeding and
body mass may also help explain interspecific variation in
incubation behavior. Previous studies have suggested an al-
lometric relationship between body mass and incubation be-
havior, with larger taxa taking longer bouts on the nest
(Skutch 1962; Williams 1991; Afton and Paulus 1992). The
extent of incubation feeding also has been proposed to in-
fluence avian incubation behavior; nest attentiveness is
thought to be higher for species in which males feed incu-
bating females (Lyon and Montgomerie 1987). Here, we use
comparative analyses to examine the relative influence of
body mass, mate feeding, food, temperature, and predation
to explain interspecific variation in passerine incubation be-
havior.

METHODS

Incubation Behavior and Nest Predation

We obtained estimates of mean on- and off-bout duration
and nest predation by conducting an exhaustive search of the
literature. We used Absearch bibliographic software to search
all papers published in the Auk, Condor, Journal of Field
Ornithology, Ornithological Monographs, Studies in Avian Bi-
ology, and Wilson Bulletin from 1955 to 1998; Conservation
Biology from 1987 to 1998; Ecological Applications, Eco-
logical Monographs, and Ecology from 1945 to 1998; and the
Journal of Wildlife Management, Wildlife Monographs, and
Wildlife Society Bulletin from 1937 to 1998. We searched for
all papers whose abstracts or titles included the words: life
history, natural history, breeding, behavior, nest, nesting, re-
production, incubation, attentiveness, reproductive success,
nest success, productivity, nest predation, or nest failure. We
also conducted a broader search to locate papers in other
journals using Biological Abstracts for papers published from
1985 to 1998 whose titles or abstracts contained the words
nest attentiveness or incubation rhythm. We located many
additional sources by referencing papers cited in those we
obtained in our initial search and in Bent (1942–1968) and
The Birds of North America (BNA; Poole and Gill 1992–
1999) species accounts.

We calculated nest attentiveness (percentage of daylight
spent on the nest; sensu Kendeigh 1952) as [mean on-bout
duration/(mean on-bout duration 1 mean off-bout duration)].
We calculated mean nest trips per hour as: 2[60/(mean on-
bout duration 1 mean off-bout duration)], or the number of
times the incubating female went to or from the nest per
hour. We used estimates of mean bout duration that were
based on more than 10 bouts to help ensure that estimates
were not based on a few extreme observations. We averaged
parameter estimates across studies for species in which we
were able to locate multiple data sources. We limited our
analysis to North American passerines in which only the
female incubates because the evolutionary importance of en-
ergy and time constraints during incubation should be great-
est for species with female-only incubation (Skutch 1962;
Walsberg 1983; Williams 1991, 1996).

Although we were interested in nest predation during in-
cubation, few estimates of nest predation are available for
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distinct stages within the nesting cycle. Therefore, we used
estimates of nest predation over the entire nesting cycle. We
used estimates of nest predation based on exposure (Mayfield
1961, 1975) when possible. If Mayfield estimates were not
available, we used the proportion of nests that were depre-
dated. We only used estimates based on more than 15 nests,
and we calculated a mean across studies for species (n 5 34)
for which we located multiple estimates of nest predation.
We chose not to use a weighted average of studies based on
sample size because we did not want to give more weight to
a particular population just because it was sampled more
intensively. For cavity-nesting birds, we used estimates of
nest predation only from studies of natural nests (not nest-
box studies) because we were interested in relative risk of
nest predation over evolutionary time, and nest predation is
lower (and perhaps less variable among species) in nest boxes
(Nilsson 1984). We also recorded typical nest substrate of
each species (ground, shrub, canopy, cavity; Ehrlich et al.
1988) because rates of nest predation differ among nest sub-
strates (Martin 1993, 1995).

Food Availability

Evaluating whether food availability has influenced the
evolution of incubation behavior is difficult because com-
parative data on relative food availability across species are
not available. Therefore, to evaluate the effects of food, we
examined whether species grouped according to general for-
aging strategies or diet categories differ in incubation be-
havior. Implicit in this approach is the common assumption
that food availability (i.e., time and energy needed to obtain
food and/or food abundance) differs among species grouped
according to general diet or foraging categories (Ettinger and
King 1980; Walsberg 1982; Silver et al. 1985; Murphy 1989;
Martin 1995). We made no assumptions regarding which di-
ets or foraging strategies were more energetically expensive,
we simply asked whether these variables helped explain in-
terspecific variation in incubation behavior. Indeed, Skutch
(1962) suggested that variation in diet may help explain in-
terspecific variation in incubation behavior. We obtained in-
formation on foraging strategy (ground glean, foliage glean,
hover glean, aerial forager) and diet (insectivore, omnivore,
granivore) from Ehrlich et al. (1988).

Ambient Temperature

We sought an estimate of the average temperature expe-
rienced by incubating females within typical breeding loca-
tions of each species. Thus, we used data from the Breeding
Bird Survey (BBS; Robbins et al. 1986) to obtain average
temperature at probable breeding locations. BBS participants
record the ambient temperature prior to each survey. We
calculated the mean temperature for all BBS routes (1966–
1997) that detected at least one individual of a particular
species (hereafter, BBS temperature) and repeated the process
for each species.

Body Mass and Incubation Feeding

We used estimates of mean body mass (female mass when
available) from Dunning (1993). We obtained information

on mate feeding for each species based on information in the
papers reporting incubation data and in Bent (1942–1968)
and BNA accounts (Poole and Gill 1992–1999). We found
few quantitative estimates of actual rates of mate feeding,
but many qualitative descriptions, so we categorized the rel-
ative frequency of mate-feeding for each species as: (0) sel-
dom or never; (1) infrequent; (2) moderate; and (3) frequent.

Statistics and Comparative Analyses

Prior to analyses, we log-transformed continuous variables
(on-bout, off-bout, body mass, and BBS temperature) and
arcsine-transformed proportional variables (nest attentive-
ness, nest predation). We transformed nest trips per hour by
log (nest trips per hour 1 1) because some raw values were
less than 1.0. We performed these data transformations to
normalize distributions and to comply with a random-walk
model of character evolution; trait changes are measured by
proportion, rather than amount, across lineages (Felsenstein
1985).

We used several methods to test our hypotheses: raw spe-
cies means and two sets of phylogenetically independent con-
trasts (Felsenstein 1985). We used the phylogenetic hypoth-
esis in Martin and Clobert (1996) with modifications sug-
gested by Sheldon and Gill (1996). We used the comparative
analysis by independent contrasts program (CAIC; Purvis and
Rambaut 1995) to calculate independent contrasts. To over-
come potential problems associated with heterogeneity of
variance in regressions, contrasts were standardized by di-
viding each contrast by the square root of its expected var-
iance (sum of its branch lengths).

Estimates of distances between nodes (branch lengths)
were not available, so we conducted two separate sets of
independent contrasts that make different assumptions about
the mode of character evolution. One model assumed that all
branch lengths were equal, thus reflecting a speciational mod-
el of evolution (Rohlf et al. 1990; Martins and Garland 1991).
This model is equivalent to a Brownian motion model with
all branch lengths set equal to unity (Harvey and Purvis 1991;
Dı́az-Uriarte and Garland 1996). The other model assumed
a gradual evolutionary process of character change and used
a maximum-likelihood algorithm to estimate branch lengths
from our topology in units of expected variance of character
change (Grafen 1989; Purvis and Rambaut 1995). Results
from both sets of independent contrasts were very similar,
so we only present those from the speciational model. To
examine the robustness of our major results, we performed
analyses on the entire clade and on two subclades.

We performed analysis of covariance (ANCOVA) on both
raw species means and independent contrasts. Nest substrate,
foraging strategy, and diet were fixed factors and body mass,
mate feeding, nest predation, and BBS temperature were cov-
ariates in ANCOVA models using raw species means. We
excluded the intercept from ANCOVA models using inde-
pendent contrasts. We created n 2 1 dummy variables for
each nominal variable (diet, nest substrate, foraging strategy),
where n is the number of categories in the original variable.
Each dummy variable was used as a continuous variable in
CAIC to calculate independent contrasts. We calculated the
overall sum-of-squares for each nominal variable by sub-
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FIG. 1. Variation among species in incubation behaviors, nest predation, and female body mass for North American passerines with
single-sex incubation (from Appendix 1). Numbers on the vertical axes represent number of species.

tracting sum-of-squares of an ANCOVA model without the
n 2 1 dummy variables from the sum-of-squares in the over-
all ANCOVA model. We then calculated the F-value for each
nominal variable by dividing its sum- of-squares by the ap-
propriate degrees of freedom and by the error mean square
of the overall model. This approach is the standard method
used by traditional ANOVA/ANCOVA to evaluate the pro-
portion of variance in a dependent variable explained by a
categorical factor.

We addressed the assumptions (linearity, homoscedastic-
ity, normality of error variance) of using a linear regression
model on our contrast data. We evaluated the linearity as-
sumption by examining plots of absolute values of unstan-
dardized regression residuals versus the dependent variable;
no systematic departures from zero suggested that the rela-
tionships were linear. We examined plots of residuals versus
predicted values for heteroscedasticity of the error variances;
we found none. We examined normal probability plots and
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TABLE 1. Univariate correlations (r) among off-bout duration, on-bout duration, nest trips per hour, percent nest attentiveness, female body
mass, frequency of mate feeding, ambient temperature at breeding locations (BBS temp.), and probability of nest predation among 97 species
of North American passerines.

Off-bout On-bout Nest trips per hr Attentive Body mass Mate feed BBS temp.

On-bout
Nest trips per hr
Attentive
Body mass
Mate feed
BBS temp.
Nest predation

0.188
20.451**
20.442**
20.172
20.110

0.259*
0.262*

20.648**
0.545**
0.159
0.118
0.002
0.273*

20.346**
20.165
20.049
20.186
20.358**

0.271**
0.210*

20.051
0.151

0.193
20.030
20.134

0.022
20.130 0.104

* P , 0.05; ** P , 0.01.

TABLE 2. ANCOVA results using Type III sums-of-squares to ex-
amine factors that explain interspecific variation in incubation behav-
iors for North American passerines with female-only incubation using
species means (n 5 62) and independent contrasts (n 5 59). Significant
P-values are shown in bold.

Raw species means

F P

Independent contrasts

F P

Nest attentiveness
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature
Nest predation

0.9
2.8
2.2
0.2
1.6
0.1
0.9

0.422
0.053
0.096
0.692
0.212
0.711
0.359

0.3
0.7
1.0
0.7
0.8
0.1
0.1

0.766
0.596
0.440
0.418
0.368
0.846
0.823

r2 5 0.411 r2 5 0.205

Off-bout duration
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature
Nest predation

1.6
0.6
1.0
0.1
0.1
9.1
4.2

0.209
0.626
0.384
0.906
0.802
0.004
0.046

1.7
0.2
1.1
0.7
0.3
9.8
3.2

0.216
0.919
0.379
0.406
0.594
0.003
0.079

r2 5 0.361 r2 5 0.304
On-bout duration

Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature
Nest predation

0.9
2.5
2.5
0.2
0.5
9.3
6.5

0.414
0.067
0.068
0.667
0.499
0.004
0.014

0.0
1.0
3.0
4.9
1.8

12.5
3.7

1.000
0.420
0.041
0.032
0.182
0.001
0.059

r2 5 0.443 r2 5 0.414

Nest trips per hr
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature
Nest predation

0.6
2.1
2.6
0.2
1.5
9.6
9.6

0.567
0.112
0.061
0.697
0.219
0.003
0.003

0.8
0.9
3.4
3.5
0.1

12.9
7.0

0.481
0.458
0.024
0.068
0.840
0.001
0.011

r2 5 0.456 r2 5 0.398

histograms of the residuals; we could detect no obvious de-
partures from normality of error terms.

Distributions of all standardized linear contrasts were un-
imodal and approximated normal distributions. Correlation
coefficients between absolute values of standardized linear
contrasts and standard deviations of the raw contrasts were

low (zrz , 0.34). Correlation coefficients between absolute
values of standardized linear contrasts and estimated nodal
values were also low (zrz , 0.39). We analyzed two equal-
sized subsets of our contrast data based on both age of node
and location in our phylogeny. Results were similar to those
from the complete analysis, with patterns being stronger at
lower taxonomic levels. We also reanalyzed our data after
removing potential outliers; results were similar to those us-
ing the complete dataset.

RESULTS

We located incubation data for 97 North American pas-
serine species and found extensive interspecific variation in
incubation behavior (Fig. 1; Appendix 1). We located esti-
mates of nest predation for 65 of these species and also found
large interspecific variation (Fig. 1; Appendix 1). Among the
four incubation behaviors, on-bout duration was most vari-
able and nest attentiveness was least variable among species
(Fig. 1). Interspecific variation in on- and off-bout durations
translated into substantial species differences in parental ac-
tivity around the nest; species vary from less than one trip
per hour to 14 trips per hour (Fig. 1).

Off-bout duration and on-bout duration were not correlated
among species (Table 1). Nest attentiveness and number of
nest trips per hour were both calculated from on- and off-
bout durations and thus were correlated with these parame-
ters. Frequency of mate feeding and body mass were both
positively correlated with nest attentiveness, but not corre-
lated with the other three incubation behaviors. In univariate
analyses, BBS temperature was positively correlated with off-
bout duration and nest predation was positively correlated
with both off- and on-bout duration and negatively correlated
with nest trips per hour (Table 1).

In multivariate analyses, nest predation and temperature at
breeding locations both explained significant variation in in-
cubation behavior based on both raw species means and in-
dependent contrasts in ANCOVA analyses (Table 2). Off-
bout duration (rp 5 0.29, P 5 0.022) and on-bout duration
(rp 5 0.26, P 5 0.039) were both positively correlated with
nest predation, and nest trips per hour (rp 5 20.35, P 5
0.006) was negatively correlated with nest predation (Fig. 2).
Nest predation did not explain interspecific variation in nest
attentiveness (Table 2). Off-bout duration (rp 5 0.34, P 5
0.007) and on-bout duration (rp 5 0.34, P 5 0.008) were
both positively correlated with BBS temperature, and nest
trips per hour (rp 5 20.35, P 5 0.006) was negatively cor-
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FIG. 2. Scatter plot of nest predation versus unstandardized residuals (partial regressions) of incubation behaviors (on- and off-bout
duration and nest trips per hour) corrected for diet, foraging strategy, nest substrate, body mass, mate feeding frequency, and BBS
temperature. We arcsine-transformed nest predation and log-transformed body mass and BBS temperature prior to calculating residuals.
Lines represent slopes of significant linear regressions.

related with BBS temperature (Fig. 3). Scatter plots suggested
more interspecific variation in incubation behavior at higher
temperatures (Fig. 3). BBS temperature did not explain in-
terspecific variation in nest attentiveness (Table 2). Nest sub-
strate explained additional variation in on-bout duration and
nest trips per hour in phylogenetic analyses (Table 2); cavity-
nesting birds take shorter on- bouts and make more frequent
nest trips compared to birds nesting in other substrates (Fig.
4). Body mass explained additional variation only in on-bout
duration in phylogenetic analyses (Table 2); larger species
took slightly longer on-bouts. Mate feeding, diet, and for-
aging strategy explained little variation in any of the four
incubation behaviors (Table 2).

When we removed nest predation from the analyses, which
allowed us to include all species for which we had estimates
of incubation behaviors, diet and foraging strategy explained
some of the variation in incubation behavior using raw spe-
cies means, but still failed to explain variation after con-
trolling for phylogeny (Table 3). Body mass, mate feeding,
and nest substrate explained even less of the variation in
incubation behavior in this broader analysis, but BBS tem-
perature explained significant variation in both phylogenetic
and nonphylogenetic analyses (Table 3).

DISCUSSION

The frequency with which females alternate incubation
with other activities varies greatly among passerines. On-
and off-bout durations are often assumed to reflect a trade-
off between energy needs of the adult (food limitation) and
thermal needs of the developing embryos (temperature) (Nice
1937, 1943; Kendeigh 1952; Davis 1960; White and Kinney
1974; Drent 1975; Nolan 1978; Vleck 1981a,b; Drent et al.
1985). Our results support the notion that nesting temperature
explains some of the interspecific variation in incubation be-
havior. However, we were unable to demonstrate that vari-
ation in food availability is important; diet and foraging strat-
egy did not help explain the large interspecific variation in
incubation behavior. Reviews of avian incubation fail to em-
phasize the role of nest predation (White and Kinney 1974;
Drent 1975; Grant 1982; Webb and King 1983; Davis et al.
1984; Williams 1991). Yet, our results suggest that risk of
nest predation may explain more of the interspecific variation
in incubation behavior than does food availability.

Nest predation appears to have affected the evolution of
passerine incubation behavior by placing constraints on ac-
tivity at the nest (Table 2, Fig. 2). Skutch (1949) first sug-
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FIG. 3. Scatter plot of BBS temperature versus unstandardized residuals (partial regressions) of incubation behaviors (on- and off-bout
duration and nest trips per hour) corrected for diet, foraging strategy, nest substrate, body mass, mate feeding frequency, and nest
predation. We arcsine-transformed nest predation and log-transformed body mass and BBS temperature prior to calculating residuals.
Lines represent slopes of significant linear regressions.

gested that parental activity at the nest may influence the risk
of nest predation in passerines, but explicit tests of his hy-
pothesis are lacking. We found that species that nest in sub-
strates or environments with high nest predation have evolved
incubation behavior that minimizes parental activity at the
nest. Reduced activity at the nest is largely achieved by in-
creased duration of on-bouts (Fig. 2). Species with high nest
predation also take longer off-bouts (Fig. 2), despite the fact
that increased time off the nest may lengthen the incubation
period, which would increase the exposure to nest predation.
Nest predation also did not help explain species variation in
nest attentiveness (Table 2). These results suggest that the
risk of nest predation affects current passerine incubation
strategies primarily by limiting nest activity.

Thompson and Raveling (1987) suggested that heightened
risk of nest predation selects for increased nest attentiveness
in geese; however, we found that increased nest predation
did not affect nest attentiveness, but rather selected for re-
duced activity at the nest. Differences may reflect different
nest defense strategies. Geese construct visible nests and rely
on their large size to physically repel potential nest predators
(Thompson and Raveling 1987). Indeed, nest predation is
lower at goose nests with high nest attentiveness (Inglis

1977). Geese rely on endogenous resources for incubation
and prevent nest predation by maximizing daily nest atten-
tiveness. In contrast, passerines are probably less able to
physically repel potential nest predators, but typically have
well-concealed nests (Martin 1992). Passerines rely on ex-
ogenous resources for incubation and the higher frequency
at which passerines get on and off their nest may serve as a
cue to nest predators. Therefore, we might expect high nest
predation to select for different behaviors in geese (increased
nest attentiveness) and passerines (fewer nest trips per hour).
Future attempts to explain interspecific variation in incuba-
tion behavior in other taxa should consider the extent to
which incubating parents rely on exogenous resources and
the parents’ ability to repel or distract predators.

Environments with a high risk of nest predation may favor
long on-bouts and few foraging trips, but such an incubation
strategy may prevent frequent feeding by adults and thus
compromise future reproductive attempts (Williams 1966;
Bryant 1979; Partridge and Harvey 1988; Reznick 1992).
Therefore, nest predation may influence the evolution of avi-
an life-history traits in several ways. High nest predation
favors a bet-hedging strategy of holding back reproductive
effort for renesting attempts and survival (Cody 1966; Slatkin
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FIG. 4. Mean (6 1 SE) on-bout duration and nest trips per hour
among North American passerines (with female-only incubation)
nesting in different substrates. Numbers above error bars represent
number of species (see Appendix 1 for raw data).

TABLE 3. ANCOVA results (Type III sums-of-squares) when we ex-
cluded nest predation from the analyses, using species means (n 5 92)
and independent contrasts (n 5 87). Significant P-values are shown
in bold.

Raw species means

F P

Independent contrasts

F P

Nest attentiveness
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature

4.6
2.9
2.1
0.5
1.0
0.1

0.013
0.040
0.114
0.488
0.325
0.845

0.4
1.1
0.5
2.0
0.1
1.3

0.700
0.395
0.712
0.159
0.896
0.263

r2 5 0.433 r2 5 0.127

Off-bout duration
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature

0.3
0.6
1.0
0.8
2.2
6.9

0.752
0.615
0.378
0.381
0.145
0.010

0.7
0.3
0.8
0.5
0.2
6.3

0.494
0.802
0.487
0.490
0.682
0.015

r2 5 0.251 r2 5 0.154
On-bout duration

Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature

12.5
2.8
1.9
0.2
0.6
6.8

0.00002
0.046
0.144
0.631
0.446
0.011

0.7
0.8
1.8
3.6
2.1

19.2

0.505
0.518
0.161
0.063
0.156
0.00004

r2 5 0.434 r2 5 0.320

Nest trips per hr
Diet
Foraging strategy
Nest substrate
Body mass
Mate feeding
BBS temperature

6.8
2.4
1.5
0.1
0.1
7.0

0.002
0.079
0.213
0.716
0.872
0.010

1.2
0.3
1.7
0.3
0.1

18.0

0.324
0.826
0.194
0.586
0.955
0.00006

r2 5 0.364 r2 5 0.266

1974; Perrins 1977; Slagsvold 1982, 1984; Lundberg 1985;
Milinoff 1989; Martin 1995), a short nesting cycle to mini-
mize the time nests are susceptible to predation (Cody 1966;
Ricklefs 1969; Perrins 1977; Bosque and Bosque 1995), and
small brood size to minimize noise of begging young (Perrins
1977). Yet, our results suggest that nest predation may in-
fluence passerine life-history evolution in a way that has been
largely ignored (Skutch 1949; Slagsvold 1982; Martin 1996;
Martin and Ghalambor 1999) by placing constraints on pa-
rental activity and the way an incubating female allocates
her time between incubation and foraging. Thus, in environ-
ments with high nest predation, natural selection simulta-
neously favors infrequent nest trips (to reduce the probability
of predator detection) and short off-bout duration (to maxi-
mize development rates and reduce time of exposure to pred-
ators). These somewhat opposing constraints limit the range
of effective incubation strategies available to females in en-
vironments with high nest predation. High nest predation may
even favor slightly larger clutch volume in some environ-
ments because larger clutches cool more slowly (C. J. Con-
way, unpubl. ms.) which may allow incubating females to
take fewer, longer foraging bouts (thus reducing nest activity
without increasing incubation period).

The typical ambient temperature within species’ breeding
distributions also appears to have influenced the evolution of
incubation behavior. Within species, numerous studies have
reported a relationship between air temperature and incu-
bation behavior (see review in Conway and Martin 2000),

but our results are the first to demonstrate a correlation across
species. Species that breed in colder environments are forced
to take shorter off-bouts and shorter on-bouts, which results
in more frequent nest trips per hour (Table 2; Fig. 3), but
frequent nest trips may increase the risk of nest predation
(Skutch 1949, Prescott 1964, Weathers and Sullivan 1989).
Thus, low breeding temperature and high nest predation can
place opposing selective pressures on incubating females.
Cold environments with an abundance of visual nest pred-
ators probably pose severe challenges for breeding passer-
ines. In addition to altering incubation behavior, birds may
also adapt to nesting in cold environments by building thick-
er, more insulated nests or nesting in more protected micro-
climates to reduce the rate of egg cooling during foraging
bouts (Skutch 1962; Calder 1973; Walsberg 1981; Collias
and Collias 1984; Kern and van Riper 1984; Kern et al. 1993).

We found little evidence to suggest that food constraints
help to explain observed species differences in incubation
behavior (Table 2). Ultimately, our ability to adequately ex-
amine the influence of food availability on species variation
in incubation behavior is hampered by the lack of a direct
quantitative measure of relative food availability across spe-
cies. Moreover, food availability may have influenced evo-
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lution of incubation behavior primarily at higher taxonomic
levels (e.g., among orders or families).

Nest substrate explained additional variation in on-bout
duration and nest trips per hour in addition to the variance
explained by nest predation and breeding temperature in phy-
logenetic analyses (Table 2). Cavity-nesting birds have short-
er on-bouts and thus make more frequent trips to and from
their nest (Fig. 4). Species nesting in different substrates vary
in risk of nest predation; cavity-nesting birds have compar-
atively lower predation risk (Martin 1993, 1995). However,
nest temperature may also differ among nest substrates, so
the causal factor responsible for observed differences in in-
cubation behavior among nest substrates awaits further study.
We found only very limited evidence suggesting that incu-
bation behavior varies with body mass in passerines (Table
2). One previous study that reported a strong allometric re-
lationship between on-bout duration and body mass included
an uneven distribution of species among several taxonomic
orders and failed to control for phylogeny (Williams 1991).
Thus, body mass may help explain variation in incubation
behavior among higher taxonomic levels (e.g., orders), but
does not explain the large variation among passerines.

All attempts to control for phylogeny make assumptions
about the true model of how traits evolve (e.g., speciational,
punctuational, gradual) and the true phylogeny. We calcu-
lated independent contrasts using two different models of trait
evolution, and these analytical approaches produced very
similar results. Moreover, our results using independent con-
trasts are concordant with our major results from nonphy-
logenetic analyses: Nest predation and temperature explain
a significant amount of the interspecific variation in passerine
incubation behavior.

In summary, passerines vary widely in the behaviors used
to incubate their eggs, and some of this interspecific variation
in incubation behavior can be explained by risk of nest pre-
dation and temperature of typical breeding locations. Our
results indicate that species with high rates of nest predation
are under selection to reduce the level of activity at their
nest. Consequently, nest predation places constraints on re-
productive effort because incubation behavior influences the
energy cost of incubation (Vleck 1981a). Therefore, our re-
sults suggest that nest predation can influence the evolution
of passerine life-history traits in a way that has been over-
looked by placing constraints on parental activity at the nest
and how females allocate their time between incubating and
foraging (also see Martin 1995). Studies of avian life-history
evolution have focused on the costs of rearing young through
the nestling period, based on the assumption that the energy
cost of incubation is relatively low. Regardless of the energy
cost of incubation, incubating birds face an ecological fitness
cost (predation of entire brood) associated with incubation
behavior that must be considered in future attempts to explain
avian life-history evolution.

ACKNOWLEDGMENTS

P. Allen provided computerized data on diet, foraging strat-
egy, and nesting substrate. A. Badyaev assisted with phy-
logenetic software. W. Weathers provided enlightening dis-

cussion of the evolutionary effects of ambient temperature
on incubation. E. Greene, D. Kilgore, D. Patterson, W.
Weathers, E. Ketterson, and two anonymous reviewers pro-
vided helpful comments on earlier drafts.

LITERATURE CITED

Afton, A. D., and S. L. Paulus. 1992. Incubation and brood care.
Pp. 62–108 in B. D. J. Batt, A. D. Afton, M. G. Anderson, C.
D. Ankney, D. H. Johnson, J. A. Kadlec, and G. L. Krapu, eds.
Ecology and management of breeding waterfowl. Univ. of Min-
nesota Press, Minneapolis, MN.

Bent, A. C. 1942–1968. Life histories of North American birds.
Smithsonian Institution Press, Washington, DC.

Bosque, C., and M. T. Bosque. 1995. Nest predation as a selective
factor in the evolution of developmental rates in altricial birds.
Am. Nat. 145:234–260.

Bryant, D. M. 1979. Reproductive costs in the house martin (De-
lichon urbica). J. Anim. Ecol. 48:655–675.

Calder, W. A. 1973. Microhabitat selection during nesting of hum-
mingbirds in the Rocky Mountains. Ecology 54:127–134.

Clark, A. B., and D. S. Wilson. 1981. Avian breeding adaptations:
hatching asynchrony, brood reduction, and nest failure. Quart.
Rev. Biol. 56:254–277.

Cody, M. L. 1966. A general theory of clutch-size. Evolution 20:
174–184.

Collias, N. E., and E. C. Collias. 1984. Nest building and bird
behavior. Princeton Univ. Press, Princeton, NJ.

Conway, C. J., and T. E. Martin. 2000. Effects of ambient tem-
perature on avian incubation behavior. Behav. Ecol. 11:178–188.

Daan, S., D. Masman, and A. Groenewald. 1990. Avian basal met-
abolic rates: their association with body composition and energy
expenditure in nature. Am. J. Physiol. 259:R333–R340.

Davis, J. 1960. Nesting behavior of the rufous-sided towhee in
coastal California. Condor 62:434–456.

Davis, S. D., J. B. Williams, W. J. Adams, and S. L. Brown. 1984.
The effect of egg temperature on attentiveness in the Belding’s
Savannah sparrow. Auk 101:556–566.

Dı́az-Uriarte, R., and T. Garland, Jr. 1996. Testing hypotheses of
correlated evolution using phylogenetically independent con-
trasts: sensitivity to deviations from Brownian motion. Syst.
Biol. 45:27–47.

Drent, R. H. 1975. Incubation. Pp. 333–420 in D. S. Farner, J. R.
King, and K. C. Parkes, eds. Avian biology, Vol. 5. Academic
Press, New York.

Drent, R. H., J. M. Tinbergen, and H. Biebach. 1985. Incubation
in the starling, Sturnis vulgaris: resolution of the conflict between
egg care and foraging. Netherlands J. Zool. 35:103–123.

Dunning, J. B., Jr. 1993. CRC handbook of avian body masses.
CRC Press, Inc., Boca Raton, FL.

Ehrlich, P. R., D. S. Dobkin, and D. Wheye. 1988. The birder’s
handbook: a field guide to the natural history of North American
birds. Simon and Schuster, New York.

Ettinger, A. O., and J. R. King. 1980. Time and energy budgets of
the willow flycatcher (Empidonax traillii) during the breeding
season. Auk 97:533–546.

Felsenstein, J. 1985. Phylogenies and the comparative method. Am.
Nat. 125:1–15.

Grafen, A. 1989. The phylogenetic regression. Phil. Trans. Royal
Soc. London B 326:119–157.

Grant, G. S. 1982. Avian incubation: egg temperature, nest humid-
ity, and behavioral thermoregulation in a hot environment. Or-
nithol. Monogr., no. 30.

Haftorn, S. 1978. Egg-laying and regulation of egg temperature
during incubation in the goldcrest, Regulus regulus. Ornis Scand.
9:2–21.

———. 1979. Incubation and regulation of egg temperature in the
willow tit Parus montanus. Ornis Scand. 10:220–234.

———. 1984. The behavior of an incubating female coal tit, Parus
ater in relation to experimental regulation of nest temperature.
Fauna norv. Ser. C, Cinclus 7:12–20.

———. 1988. Incubating female passerines do not let the egg tem-



679EVOLUTION OF PASSERINE INCUBATION BEHAVIOR

perature fall below the ‘‘physiological zero temperature’’ during
their absences from the nest. Ornis Scand. 19:97–110.

Harvey, P. H., and A. Purvis. 1991. Comparative methods for ex-
plaining adaptations. Nature 351:619–624.

Howell, S. N. G., and S. Webb. 1995. A guide to the birds of Mexico
and northern Central America. Oxford Univ. Press, Oxford, U.K.

Inglis, I. R. 1977. The breeding behavior of the pink-footed goose:
behavioral correlates of nesting success. Anim. Behav. 27:
747–764.

Kendeigh, S. C. 1952. Parental care, its evolution in birds. Ill. Biol.
Monogr., no. 22.

Kern, M. D., and C. van Riper III. 1984. Altitudinal variations in
nests of the Hawaiian honeycreeper Hemignathus virens virens.
Condor 92:761–767.

Kern, M. D., M. K. Sogge, R. B. Kern, and C. van Riper III. 1993.
Nests and nest sites of the San Miguel Island song sparrow. J.
Field Ornithol. 64:367–381.

Lack, D. 1954. The natural regulation of animal numbers. Clarendon
Press, Oxford, U.K.

———. 1968. Ecological adaptations for breeding in birds. Me-
thuen, London.

Lindén, M., and A. P. Møller. 1989. Cost of reproduction and co-
variation of life history traits in birds. Trends Ecol. Evol. 4:
367–371.

Lundberg, S. 1985. The importance of egg hatchability and nest
predation in clutch size evolution in altricial birds. Oikos 45:
110–117.

Lyon, B. E., and R. D. Montgomerie. 1987. Ecological correlates
of incubation feeding: a comparative study of high Arctic finch-
es. Ecology 68:713–722.

Martin, T. E. 1992. Breeding season productivity: what are the
appropriate habitat features for management? Pp. 455–473 in J.
M. Hagan and D. W. Johnston, eds. Ecology and conservation
of Neotropical migrant land birds. Smithsonian Institution Press,
Washington, DC.

———. 1993. Nest predation among vegetation layers and habitat
types: revising the dogmas. Am. Nat. 141:897–913.

———. 1995. Avian life history evolution in relation to nest sites,
nest predation, and food. Ecol. Monogr. 65:101–127.

———. 1996. Life history evolution in tropical and south temperate
birds: what do we really know? J. Avian Biol. 27:263–272.

Martin, T. E., and J. Clobert. 1996. Nest predation and avian life-
history evolution in Europe versus North America: a possible
role of humans? Am. Nat. 147:1028–1046.

Martin, T. E., and C. K. Ghalambor. 1999. Males feeding females
during incubation. I. Required by microclimate or constrained
by nest predation. Am. Nat. 153:131–139.

Martins, E. P., and T. Garland, Jr. 1991. Phylogenetic analyses of
the correlated evolution of continuous characters: a simulation
study. Evolution 45:534–557.

Mayfield, H. 1961. Nesting success calculated from exposure. Wil-
son Bull. 73:255–261.

———. 1975. Suggestions for calculating nest success. Wilson Bull.
87:456–466.

Milinoff, M. 1989. Can nest predation limit clutch size in precocial
birds? Oikos 55:424–427.

Moreno, J. 1989. Energetic constraints on uniparental incubation
in the wheatear Oenanthe oenanthe (L.). Ardea 77:107–115.

Morton, M. L., and M. E. Pereyra. 1985. The regulation of egg
temperature and attentiveness patterns in the dusky flycatcher
(Empidonax oberholseri). Auk 102:25–37.

Murphy, E. C., and E. Haukioja. 1986. Clutch size in nidicolous
birds. Pp. 141–180 in R. F. Johnston, ed. Current ornithology.
Vol. 4. Plenum Press, New York.

Murphy, M. T. 1989. Life history variability in North American
breeding tyrant flycatchers: phylogeny, size or ecology? Oikos
54:3–14.

Nice, M. M. 1937. Studies in the life history of the song sparrow.
I. Trans. Linn. Soc. N.Y. Vol. 4.

———. 1943. Studies of the life history of the song sparrow. II.
The behavior of the song sparrow and other passerines. Trans.
Linn. Soc. N.Y. Vol. 6.

Nilsson, J. A., and H. G. Smith. 1988. Incubation feeding as a male
tactic for early hatching. Anim. Behav. 36:641–647.

Nilsson, S. G. 1984. The evolution of nest-site selection among
hole-nesting birds: the importance of nest predation and com-
petition. Ornis Scand. 15:165–175.

Nolan, V., Jr. 1978. The ecology and behavior of the prairie warbler
Dendroica discolor. Ornithol. Monogr. No. 26.

Norment, C. J. 1995. Incubation patterns in Harris’ sparrows and
white-crowned sparrows in the Northwest Territories, Canada.
J. Field Ornithol. 66:553–563.

Norton, D. W. 1972. Incubation schedules of four species of Cal-
idridine sandpipers at Barrow, Alaska. Condor 74:164–176.

Nur, N. 1988. The consequences of brood-size for breeding blue
tits. III. Measuring the cost of reproduction: survival, future
fecundity and differential dispersal. Evolution 42:351–362.

O’Conner, R. J. 1978. Energetics of reproduction in birds. Pp. 306–
311 in R. Nohring, ed. Acta XVII Congressus Internationalis
Ornithologici. Verlag der Deutschen Ornithologen-Gesellschaft,
Berlin.

Partridge, L., and P. H. Harvey. 1988. The ecological context of
life history evolution. Science 24:1449–1455.

Perrins, C. M. 1977. The role of predation in the evolution of clutch
size. Pp. 181–192 in B. Stonehouse and C. M. Perrins, eds.
Evolutionary ecology. Macmillan Press, London.

Poole, A., and F. Gill. 1992–1999. The birds of North America.
Vol. 1–400. The Birds of Academy of Natural Sciences, Phil-
adelphia, PA.

Prescott, K. W. 1964. Constancy of incubation for the scarlet tan-
ager. Wilson Bull. 76:37–42.

Purvis, A., and A. Rambaut. 1995. Comparative analysis by inde-
pendent contrasts, CAIC, and Apple MacIntosh application for
analyzing comparative data. Comput. Appl. Biosci. 11:247–251.

Reznick, D. 1992. Measuring the costs of reproduction. Trends Ecol.
Evol. 7:42–45.

Ricklefs, R. E. 1969. An analysis of nesting mortality in birds.
Smithson. Contrib. Zool. 9:1–48.

Robbins, C. S., D. Bystrak, and P. H. Geissler. 1986. The breeding
bird survey: its first fifteen years, 1965–1979. Pp. 1–196 in U.S.
Fish and Wildlife Service Resource Publication, no. 157.

Rohlf, F. J., W. S. Chang, R. R. Sokal, and J. Kim. 1990. Accuracy
of estimated phylogenies: effects of tree topology and evolu-
tionary model. Evolution 44:1671–1684.

Sheldon, F. H., and F. B. Gill. 1996. A reconsideration of songbird
phylogeny, with emphasis on the evolution of titmice and their
Sylvioid relatives. Syst. Biol. 45:473–495.

Sibley, C. G., and J. E. Ahlquist. 1990. Phylogeny and classification
of birds: a study in molecular evolution. Yale Univ. Press, New
Haven, CT.

Silver, R., H. Andrews, and G. F. Ball. 1985. Parental care in an
ecological perspective: A quantitative analysis of avian subfam-
ilies. Am. Zool. 25:823–840.

Skutch, A. F. 1949. Do tropical birds rear as many young as they
can nourish? Ibis 91:430–455.

———. 1962. The constancy of incubation. Wilson Bull. 74:
115–152.

Slagsvold, T. 1982. Clutch size variation in Passerine birds: the
nest predation hypothesis. Oecologia 54:159–169.

———. 1984. Clutch size variation of birds in relation to nest
predation: on the cost of reproduction. J. Anim. Ecol. 53:
945–953.

Slatkin, M. 1974. Hedging one’s evolutionary bets. Nature 250:
704–705.

Thompson, S. C., and D. G. Raveling. 1987. Incubation behavior
of emperor geese compared with other geese: interactions of
predation, body size, and energetics. Auk 104:707–716.

Vleck, C. M. 1981a. Energetic cost of incubation in the zebra finch.
Condor 83:229–237.

———. 1981b. Hummingbird incubation: female attentiveness and
egg temperature. Oecologia 51:199–205.

Walsberg, G. E. 1981. Nest-site selection and the radiative envi-
ronment of the warbling vireo. Condor 83:86–88.

———. 1982. Energy expenditure in free-living birds: patterns and
diversity. Acta XVIII Congressus Internationalis Ornithologici.



680 C. J. CONWAY AND T. E. MARTIN

APPENDIX 1

Species means of female body mass (BM; g); on-bout (ON; min) and off-bout duration (OFF; min); nest attentiveness (%); nest trips per hour
(TRIP); frequency of mate feeding (M; 0, none; 1, infrequent; 2, moderate; 3, frequent); diet (D; i, insectivore; o, omnivore; g, granivore/
frugivore); foraging strategy (FS; ha, hawking; hg, hover glean; fg, foliage glean; gg, ground glean); nest substrate (NS; gr, ground; sh, shrub;
cp, canopy; cv, cavity); BBS temperature (8C); and % nest predation (PR) for North American passerines with female-only incubation. Full
references to the sources of data on incubation behavior and nest predation are given in Appendix 2.

Species BM ON OFF % TRIP M D FS NS 8C PR Reference

Myiarchus crinitus
Tyrannus tyrannus
Sayornis phoebe
Empidonax difficilis
Empidonax hammondii

34
44
20
10
10

21
23
34
29
15

18
11
17

8
4

62
69
64
79
78

3.5
3.6
4.7
3.3
6.2

2
0
0
2
0

i
i
i
i
i

ha
ha
ha
ha
ha

cv
cp
cv
sh
cp

16
15
16

9
9

39
15
59
50

18, 46
18, 97
18, 21
24, 98
22, 98

Empidonax oberholseri
Empidonax fulvifrons
Empidonax virescens
Empidonax minimus
Contopus virens

10
8

13
10
14

20
25
22
17
20

7
9
5
5
7

75
74
78
78
74

4.5
3.6
4.8
5.4
4.6

3
0
1
2
3

i
i
i
i
i

ha
ha
ha
hg
ha

sh
cp
sh
sh
cp

9

18
13
16

57
51
28
55

69
12
72
18, 71, 100
18

Corvus caurinus
Corvus brachyrhynchos
Perisoreus canadensis
Pica nuttalli
Pica pica

368
438

73
144
166

34
94

210
49
27

6
4
6
4
5

86
96
97
92
84

3.0
1.2
0.6
2.3
3.8

3
3
1
3
3

o
o
o
o
o

gg
gg
gg
gg
gg

cp
cp
cp
cp
cp

10
15

9
13
11

22

18

16
18, 48
23
61
28

Aphelocoma c. coerulescens
Vireo olivaceus
Vireo philadelphicus
Bombycilla cedrorum
Sialia sialis
Sialia currucoides

80
17
12
33
32
30

34
27
25
37
14
26

5
10

8
6

12
7

88
72
77
87
53
79

3.1
4.0
3.7
2.9
4.5
3.7

3
0
0
3
3
3

o
i
i
g
i
i

gg
hg
hg
fg
ha
ha

cp
cp
cp
cp
cv
cv

12
15
11
14
16

9

39
49

36
12

1
18, 33, 100, 104
36
1 (18) 8, 88
18, 99
86

Sialia mexicana
Hylocichla mustelina
Catharus minimus
Catharus fuscescens
Turdus migratorius

27
47
33
31
77

19
30
13
53
29

7
10
10
16

8

72
75
56
77
81

4.7
3.3
5.3
1.8
3.6

3
1
0
0
2

i
i
i
i
i

ha
gg
gg
gg
gg

cv
sh
sh
gr
sh

10
16

8
12
14

61
34

55
40

73, 102
13, 18, 104
74
4, 100
18, 41, 101

Dumetella carolinensis
Mimus polyglottos
Sitta carolinensis
Salpinctes obsoletus
Troglodytes aedon

37
49
21
17
11

21
13
31
18
13

9
8
4

15
7

71
63
88
55
65

4.0
6.0
3.4
3.6
5.9

1
1
3
2
1

i
i
i
i
i

gg
gg

gg
gg

sh
sh
cv
gr
cv

15
17
15
11
14

31
44
40

33

18, 83, 84, 101
25
89, 101
44
7, 18, 101, 102

Troglodytes troglodytes
Campylorhynchus brunneicapillus
Thryomanes bewickii
Thryothorus ludovicianus
Parus inornatus

9
39
10
19
16

20
15
18
72
29

4
13
30
32

9

85
53
37
68
77

5.2
4.4
2.6
1.2
3.2

2
0
3
2
2

i
i
i
i
i

gg
gg
gg
gg
fg

cv

cv
cv
cv

11
17
16
18
11

29

64
36

35
3
52
44, 53
45, 102

Parus bicolor
Parus atricapillus
Parus carolinensis
Tachycineta bicolor
Stelgidopteryx serripennis

22
11
10
20
16

31
22
17
11
13

12
8
5
9
5

73
74
76
54
71

3.0
4.2
5.5
5.9
6.8

3
3
3
3
3

i
i
i
i
i

fg
fg
fg
ha
ha

cv
cv
cv
cv
cv

17
12
19
13
15

33
34
24
19

14
15, 49, 101
15, 37
50, 101
95

Regulus satrapa
Eremophila alpestris
Anthus rubescens
Carduelis psaltria
Carduelis lawrencei

6
31
20
10
11

6
20
15
99

119

2
6
6

42
4

74
67
73
70
97

14.0
6.3
5.7
0.9
1.0

2
2
2
2
3

i
g
i
g
g

fg
gg
gg
fg
fg

cp
gr
gr
cp
cp

10
14

8
13
12

30
31

31
60
58
59
59
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APPENDIX 1. Continued.

Species BM ON OFF % TRIP M D FS NS 8C PR Reference

Carduelis tristis
Loxia curvirostra
Loxia leucoptera
Leucosticte arctoa
Coccothraustes vespertinus
Zonotrichia leucophrys
Zonotrichia querula

13
37
25
27
59
26
34

152
148
150

48
27
21
32

9
7

15
10
11
13

95
95

76
73
68
72

0.8
0.8

1.9
3.3
3.9
2.7

3
3
2
0
2
2
0

g
g
g
g
g
i
i

fg
fg
fg
gg
gg
gg
gg

sh
cp
cp
gr
cp
sh
gr

14
10

9
4

9
8

48

51
30

18, 35, 54, 107
56
10
42
96
35, 82
81, 82

Junco phaeonotus
Melospiza lincolnii
Melospiza georgiana
Melospiza melodia
Ammodramus henslowii

20
17
17
21
13

50
28
11
28
44

14
6

23
9

19

78
83
32
77
70

1.9
3.3
3.6
3.2
1.9

1
0
3
0
0

i
i
i
i
i

gg
gg
gg
gg
gg

gr
gr
sh
sh
gr

15
9

13
13
15

26
42
53
40

77
2
35, 103
18, 76, 100
90

Passerculus sandwichensis
Spizella passerina
Spizella pusilla
Spizella arborea
Aimophila aestivalis

20
12
13
20
19

19
18
33
17
40

10
9

14
9

10

63
67
70
65
80

4.7
4.6
2.6
4.7
2.4

0
2
2
0
0

i
i
i
i
g

gg
gg
gg
gg
gg

gr
sh
sh
gr
gr

12
14
16

7
20

34
26
56

53

17, 108
18, 67
20, 107, 108
9
66

Aimophila botterii
Pipilo erythrophthalmus
Calcarius pictus
Plectrophenax nivalis
Seiurus aurocapillus

20
39
24
42
19

35
37
11
28

110

18
10
10

5
19

66
78
52
86
85

2.3
2.6
5.7
3.7
0.9

2
2
0
3
2

i
i
i
i
i

gg
gg
gg
gg
gg

gr
sh
gr
gr
gr

17
17

5
4

14

29
59
25
39
39

78
8, 105
43
5
38, 100, 104

Limnothlypis swainsonii
Dendroica petechia
Parula americana
Oporonis philadelphia
Geothylpis trichas

19
9
9

12
10

59
36
21
39
49

16
10

6
13
16

78
92
79
75
80

1.6
3.1
4.5
2.3
1.6

2
3
2
2
2

i
i
i
i
i

gg
fg
fg
fg
fg

sh
cp
cp
gr
sh

20
13
16
12
15

48
34

26

57, 65
18, 94, 100
32
19, 70
40

Vermivora celata
Vermivora ruficapilla
Setophaga ruticilla
Seiurus noveboracensis
Seiurus motacilla

9
9
8

18
21

49
39
23
30
35

12
14

5
10

9

80
73
82
75
79

2.0
2.2
4.6
3.0
2.7

0
2
3
0
1

i
i
i
i
i

fg
fg
hg
gg
gg

gr
gr
cp
gr
gr

9
12
14
11
17

48

40

85, 106
55
6, 18, 47, 100
27
91

Dendroica fusca
Dendroica kirtlandii
Dendroica discolor
Dendroica striata
Dendroica castanea
Dendroica virens
Dendroica pensylvanica

10
14

7
13
12

9
9

21
51
55
19
18
50
23

8
11
15

6
5

15
7

72
82
77
77
80
78
75

4.2
2.1
1.9
5.0
5.5
1.9
4.5

1
3
1
2
2
0
2

i
i
i
i
i
i
i

fg
fg
fg
fg
fg
fg
fg

cp
gr
sh
cp
cp
cp
sh

12
12
18
10
11
13
13

43
62

38

47, 57
35, 64, 106
80
35
34
75
26, 47, 55, 100

Dendroica magnolia
Dendroica caerulescens
Wilsonia citrina
Wilsonia pusilla
Piranga olivacea

9
10
10

8
29

17
31
60
22
20

7
12

5
6

70
72

81
77

4.9
2.9

4.5
4.7

0
2
0
2
2

i
i
i
i
i

hg
hg
fg
fg
hg

cp
sh
sh
gr
cp

12
12
18

9
15

43
45
35
33

57
47, 70, 109
29, 106
93
87, 105

Quiscalus quiscula
Sturnella magna
Icterus galbula
Xanthocephalus xanthocephalus
Dolichonyx oryzivorus
Cardinalis cardinalis
Passerina cyanea

100
76
34
49
37
44
14

47
51
30

9
20
54
45

15
20

8
5
8
6

11

76
72
80
63
70
90
80

1.9
1.7
3.2
8.3
4.3
2.0
2.2

0
0
1
1
0
2
0

o
i
i
i
i
i
i

gg
gg
fg
gg
gg
gg
fg

cp
gr
cp
sh
gr
sh
sh

15
17
15
12
13
17
16

83
56

42
30
69
54

63
92
18
30
62
51, 79
68, 79

APPENDIX 2

Sources of incubation behavior and nest predation data in Ap-
pendix 1.

1. Amadon, D. 1944. Results of the Archibald expeditions, No.
50: a preliminary life history study of the Florida jay, Cyan-
ocitta c. coerulescens. Am. Mus. Novit. 1252:1–22; Woolfen-
den, G. E., and J. W. Fitzpatrick. 1984. The Florida scrub jay:
demography of a cooperative breeding bird. Monogr. Popul.
Biol., No. 20.

2. Ammon, E. M. 1995. Lincoln’s sparrow. In A. Poole and F.
Gill, eds. The birds of North America. No. 191. Academy of
Natural Sciences, Philadelphia, PA; Speirs, J. M., and R. An-
doff. 1958. Nest attentivity of Lincoln’s sparrow determined
using thermistor bridge. Can. J. Zool. 36:843–848.

3. Anderson, A. H., and A. Anderson. 1973. The cactus wren.
Univ. of Arizona Press, Tucson, AZ.

4. Annan, O. 1961. Observations on breeding behavior of veeries
in Michigan. Jack-Pine Warbler 39:62–71.

5. Hussell, D. J. T., and G. Holroyd. 1974. Birds of the Truelove
Lowland and the adjacent areas of northeastern Devon island.
Can. Field-Nat. 88:197–212; Asbirk, S., and N. E. Franzmann.
1978. Studies of snow buntings. Pp. 132–142 in G. H. Green
and J. J. D. Greenwood, eds. Joint biological expedition to
northeast Greenland 1974. Dundee Univversity, Northeast
Greenland Expedition. Dundee, Scotland; Lyon, B. E., and R.
D. Montgomerie. 1995. Snow bunting/McKay’s bunting. In
A. Poole and F. Gill, eds., The birds of North America. No.
198–199. Academy of Natural Sciences, Philadelphia, PA.

6. Baker, B. W. 1944. Nesting of the American redstart. Wilson



682 C. J. CONWAY AND T. E. MARTIN

Bull. 56:83–90; Sturm, L. 1945. A study of the nesting activ-
ities of the American redstart. Auk 62:189–206; Sherry, T.
W., and R. T. Holmes. 1992. Population fluctuations in a long-
distance Neotropical migrant: demographic evidence for im-
portance of breeding season events in the American redstart.
Pages 431–442 in J. M. Hagan III and D. W. Johnston, eds.
Ecology and conservation of Neotropical migrant landbirds.
Smithsonian Institution Press, Washington, DC.

7. Baldwin, S. P., and S. C. Kendeigh. 1927. Attentiveness and
inattentiveness in the nesting behavior of the house wren. Auk
44:206–216.

8. Baumann, S. A. 1959. The breeding cycle of the rufous-sided
towhee, Pipilo erythropthalmus (Linnaeus), in central Cali-
fornia. Wasmann J. Biol. 17:161–220; Davis, J. 1960. Nesting
behavior of the rufous-sided towhee in coastal California. Con-
dor 62:434–456; Greenlaw, J. S. 1996. Spotted towhee. In A.
Poole and F. Gill, eds. The birds of North America. No. 263.
Academy of Natural Sciences, Philadelphia, PA.

9. Baumgartner, A. M. 1937. Nesting habits of the tree sparrow
at Churchill, Manitoba. Bird-Banding 8:99–108; Weeden, J.
S. 1966. Diurnal rhythm of attentiveness of incubating female
tree sparrows (Spizella arborea) at a northern latitude. Auk
83:368–388.

10. Benkman, C. W. 1992. White-winged crossbill. In A. Poole
and F. Gill, eds. The birds of North America. No. 27. Academy
of Natural Sciences, Philadelphia, PA.

11. Blanchard, B. D. 1941. White-crowned sparrow (Zonotrichia
leucophrys) of the Pacific seaboard: environment and annual
cycle. Univ. Calif. Publ. Zool. 46:1–178; Morton, M. L., J. L.
Horstmann, and J. M. Osborn. 1972. Reproductive cycle and
nesting success of the mountain white-crowned sparrow (Zon-
otrichia leucophrys oriantha) in the central Sierra Nevada.
Condor 74:152–163; Morton, M. L., K. W. Sockman, and L.
E. Peterson. 1993. Nest predation in the mountain white-
crowned sparrow. Condor 95:72–82; Petrinovich, L., and T.
L. Patterson. 1983. The white-crowned sparrow: recruitment,
and population structure in the Nuttall subspecies (1975–
1980). Auk 99:1–14; Zerba, E., and M. L. Morton. 1983. The
rhythm of incubation from egg laying to hatching in mountain
white-crowned sparrows. Ornis Scand. 14:188–197; King, J.
R., and L. R. Mewaldt. 1987. The summer biology of an un-
stable insular population of white-crowned sparrows in
Oregon. Condor 89:549–565.

12. Bowers, R. K., Jr., and J. B. Dunning, Jr. 1994. Buff-breasted
flycatcher. In A. Poole and F. Gill, eds. The birds of North
America. No. 125. Academy of Natural Sciences, Philadel-
phia, PA; Martin, J. A. 1997. Distribution, abundance, and
habitat characteristics of the buff-breasted flycatcher in Ari-
zona. M.Sc. thesis, University of Arizona, Tucson, AZ.

13. Brackbill, H. 1958. Nesting behavior of the wood thrush. Wil-
son Bull. 70:70–89; Nolan, V., Jr. 1974. Notes on parental
behavior and development of the young in the wood thrush.
Wilson Bull. 86:144–155; Longcore, J. R., and R. E. Jones.
1969. Reproductive success of the wood thrush in a Delaware
woodlot. Wilson Bull. 81:396–406; Roth, R. R., M. S. Johnson,
and T. J. Underwood. 1996. Wood thrush. In A. Poole and F.
Gill, eds. The birds of North America. No. 246. Academy of
Natural Sciences, Philadelphia, PA; Hoover, J. P., and M. C.
Brittingham. 1998. Nest-site selection and nesting success of
wood thrushes. Wilson Bull. 110:375–383.

14. Brackbill, H. 1970. Tufted titmouse breeding behavior. Auk
87:522–536; Laskey, A. R. 1957. Some tufted titmouse life
history. Bird-Banding 28:135–145; Pielou, W. P. 1957. A life-
history study of the tufted titmouse, Parus bicolor Linnaeus.
Ph.D. diss., Michigan State University, East Lansing, MI.

15. Brewer, R. 1961. Comparative notes on the life history of the
Carolina chickadee. Wilson Bull. 73:348–373.

16. Butler, R. W., N. A. M. Verbeek, and H. Richardson. 1984.
The breeding biology of the northwestern crow. Wilson Bull.
96:408–418.

17. Jehl, J. R., Jr. 1971. Patterns of hatching success in subarctic
birds. Ecology 52:169–173; Johnson, R. G., and S. A. Temple.
1990. Nest predation and brood parasitism of tallgrass prairie

birds. J. Wildl. Manage. 54:106–111; Williams, J. B., and B.
Dwinnell. 1990. Field metabolism of free-living female Sa-
vannah sparrows during incubation: a study using doubly la-
beled water. Phys. Zool. 63:353–372; Wheelwright, N. T., and
J. D. Rising. 1993. Savannah sparrow. In A. Poole and F. Gill,
eds. The birds of North America. No. 45. Academy of Natural
Sciences, Philadelphia, PA.

18. Kendeigh, S. C. 1952. Parental care, its evolution in birds. Ill.
Biol. Monogr., No. 22.

19. Cox, G. W. 1960. A life history of the mourning warbler.
Wilson Bull. 72:5–28.

20. Crooks, M. P. 1948. Life history of the field sparrow Spizella
pusilla pusilla (Wilson). M.Sc. thesis, Iowa State College,
Ames, IA; Crooks, M. P., and G. O. Hendrickson. 1953. Field
sparrow life history in central Iowa. Iowa Bird Life 23:10–
13; Best, L. B. 1978. Field sparrow reproductive success and
nesting ecology. Auk 95:9–22; Carey, M., D. E. Burhans, and
D. A. Nelson. 1994. Field sparrow. In A. Poole and F. Gill,
eds. The birds of North America. No. 103. Academy of Natural
Sciences, Philadelphia, PA.

21. Cuthbert, N. L. 1962. The Michigan Audubon Society phoebe
study. Part II. Jack-Pine Warbler 40:68–83; Weeks, H. P., Jr.
1979. Nesting ecology of the Eastern phoebe in southern In-
diana. Wilson Bull. 91:441–454; Faanes, C. A. 1980. Breeding
biology of Eastern Phoebes in northern Wisconsin. Wilson
Bull. 92:107–110; Hill, S. R., and J. E. Gates. 1988. Nesting
ecology and microhabitat of the eastern phoebe in the central
Appalachians. Am. Midl. Nat. 120:313–324.

22. Davis, D. E. 1954. The breeding biology of Hammond’s fly-
catcher. Auk 71:164–171; Sedgwick, J. A. 1975. A compar-
ative study of the breeding biology of Hammond’s (Empidonax
hammondii) and dusky (Empidonax oberholseri) flycatchers.
M.A. thesis, Univ. Montana, Missoula, MT; Sedgwick, J. A.
1993. Reproductive ecology of dusky flycatchers in western
Montana. Wilson Bull. 105:84–92.

23. Strickland, D., and H. Ouellet. 1993. Gray jay. In A. Poole
and F. Gill, eds. The birds of North America. No. 40. Academy
of Natural Sciences, Philadelphia, PA.

24. Davis, J., G. F. Fisler, and B. S. Davis. 1963. The breeding
biology of the western flycatcher. Condor 65:337–382.

25. Laskey, A. R. 1962. Breeding biology of mockingbirds. Auk
79:596–606; Joern, W. T., and J. F. Jackson. 1983. Homo-
geneity of vegetational cover around the nest and avoidance
of nest predation in mockingbirds. Auk 100:497–498; Der-
rickson, K. C., and R. Breitwisch. 1992. Northern mocking-
bird. In A. Poole and F. Gill, eds. The birds of North America.
No. 7. Academy of Natural Sciences, Philadelphia, PA; Koz-
ma, J. M., and N. E. Mathews. 1997. Breeding bird commu-
nities and nest plant selection in Chihuahuan desert habitats
in south-central New Mexico. Wilson Bull. 109:424–436.

26. Tate, J. 1970. Nesting and development of the chestnut-sided
warbler. Jack-Pine Warbler 48:57–65.

27. Eaton, S. W. 1957. A life history study of Seiurus novebora-
censis. Science Studies at St. Bonaventure College 19:7–36.

28. Erpino, M. J. 1968. Nest-related activities of black-billed mag-
pies. Condor 70:154–165.

29. Evans Ogden, L. J., and B. J. Stutchbury. 1996. Constraints
on double brooding in a Neotropical migrant, the hooded war-
bler. Condor 98:736–744; Nagy, L. R., and K. G. Smith. 1997.
Effects of insecticide-induced reduction in Lepidopteran lar-
vae on reproductive success of hooded warblers. Auk 114:
619–627.

30. Fautin, R. W. 1941. Incubation studies of yellow-headed black-
bird. Wilson Bull. 53:107–122; Young, H. 1963. Age-specific
mortality in the eggs and nestlings of blackbirds. Auk 80:145–
155; Ortega, C. P., and A. Cruz. 1991. A comparative study
of cowbird parasitism in yellow-headed blackbirds and red-
winged blackbirds. Auk 108:16–24; Picman, J., and A. Isa-
belle. 1995. Sources of nesting mortality and correlates of
nesting success in yellow-headed blackbirds. Auk 112:183–
191.

31. Galati, B., and C. B. Galati. 1985. Breeding of the golden-



683EVOLUTION OF PASSERINE INCUBATION BEHAVIOR

crowned kinglet in northern Minnesota. J. Field Ornithol. 56:
28–40.

32. Graber, R., and J. Graber. 1951. Nesting of Parula warbler in
Michigan. Wilson Bull. 63:75–83.

33. Nice, M. M. 1950. Red-eyed vireos in Jackson Park. Audubon
Bull. 73:1–4; Lawrence, L. de Kiriline. 1953b. Nesting life
and behaviour of the red-eyed vireo. Can. Field-Nat. 67:47–
77; Southern, W. E. 1958. Nesting of the red-eyed vireo in
the Douglas Lake region, Michigan. Jack-Pine Warbler 36:
105–130, 185–207.

34. Griscom, L. 1938. The birds of the Lake Umbagog region of
Maine. Bulletin of the Museum of Comparative Zoology. Vol.
46. Harvard University, Cambridge, MA.

35. Bent, A. C. 1942–1968. Life histories of North American birds.
U.S. National Museum Bulletins. Smithsonian Institution
Press, Washington, DC.

36. Lewis, H. F. 1921. A nesting of the Philadelphia vireo. Auk
38:26–44, 185–202.

37. Albano, D. J. 1992. Nesting mortality of Carolina chickadees
breeding in natural cavities. Condor 94:371–382.

38. Hann, H. W. 1937. Life history of the ovenbird in southern
Michigan. Wilson Bull. 49:145–237; King, D. I., C. R. Griffin,
and D. M. Degraaf. 1996. Effects of clearcutting on habitat
use and reproductive success of the ovenbird in forested land-
scapes. Conserv. Biol. 10:1380–1386.

39. Heath, H. 1920. The nesting habits of the Alaska wren. Condor
22:49–55.

40. Hofslund, P. B. 1959. A life history study of the yellowthroat,
Geothylpis trichas. Proc. Minn. Acad. Sci. 27:144–174; Stew-
art, R. E. 1953. A life history study of the yellow-throat. Wil-
son Bull. 65:99–115.

41. Mailliard, J. 1930. Happenings in a robin household. Condor
32:77–80; Howell, J. C. 1942. Notes on the nesting habits of
the American robin. Am. Midl. Nat. 28:529–603; Schantz, W.
E. 1944. All-day record of an incubating robin. Wilson Bull.
56:118–119.

42. Dixon, J. B. 1936. Nesting of the Sierra Nevada rosy finch.
Condor 38:3–8.

43. Jehl, J. R., Jr. 1968. The breeding biology of Smith’s longspur.
Wilson Bull. 80:123–149; Briskie, J. V. 1993. Smith’s long-
spur. In A. Poole and F. Gill, eds. The birds of North America.
No. 34. Academy of Natural Sciences, Philadelphia, PA.

44. Nice, M. M., and R. H. Thomas. 1948. A nesting of Carolina
wren. Wilson Bull. 60:139–1158.

45. Dixon, K. L. 1949. Behavior of the plain titmouse. Condor
51:110–136.

46. Taylor, W. K., and M. A. Kershner. 1991. Breeding biology
of the great crested flycatcher in central Florida. J. Field Or-
nithol. 62:28–39.

47. Kendeigh, S. C. 1945. Nesting behavior of wood warblers.
Wilson Bull. 57:145–164.

48. Kilham, L. 1989. The American crow and the common raven.
Texas A&M Univ. Press, College Station, TX.

49. Kluyver, H. 1961. Food consumption relation to habitat in
breeding chickadees. Auk 78:532–50; Odum, E. P. 1941. An-
nual cycle of the back-capped cickadee-2. Auk 58:518–535;
Smith, S. M. 1993. Black-capped chickadee. In A. Poole and
F. Gill, eds. The birds of North America. No. 39. Academy
of Natural Sciences, Philadelphia, PA; Christman, B. J., and
A. A. Dhondt. 1997. Nest predation in black-capped cickadees:
how safe are cavity nests? Auk 114:769–773.

50. Kuerzi, R. G. 1941. Life history studies of the tree swallow.
Proc. Linn. Soc. N.Y. 52–53:1–52; Robertson, R. J., and W.
B. Rendell. 1990. A comparison of the breeding ecology of a
secondary cavity-nesting bird, the tree swallow (Tachycineta
bicolor), breeding in nest boxes and natural cavities. Can. J.
Zool. 68:1046–1052; Robertson, R. J., B. J. Stutchbury, and
R. R. Cohen. 1992. Tree swallow. In A. Poole and F. Gill,
eds. The birds of North America. No. 11. Academy of Natural
Sciences, Philadelphia, PA.

51. Laskey, A. R. 1944. A study of the cardinal in Tennessee.
Wilson Bull. 56:27–44; Barber, D. R. 1993. Effects of alternate
host densities on brown-headed cowbird parasitism rates in

black-capped vireos. M.Sc. thesis. University of Arkansas,
Fayetteville, AR; Mitchell, M. C., L. B. Best, and J. P. Gion-
friddo. 1996. Avian nest-site selection and nesting success in
two Florida citrus groves. Wilson Bull. 108:573–583.

52. Laskey, A. R. 1946. Some Bewick wren nesting data. Migrant
17:39–43.

53. Laskey, A. R. 1948. Some nesting data on the Carolina wren
at Nashville, Tennessee. Bird-Banding 19:101–121; Haggerty,
T. M., and E. S. Morton. 1995. Carolina wren. In A. Poole
and F. Gill, eds. The birds of North America. No. 188. Acad-
emy of Natural Sciences, Philadelphia, PA.

54. Walkinshaw, L. H. 1938. Life history studies of the Eastern
goldfinch. Jack-Pine Warbler 16:3–11; Stokes, A. W. 1950.
Breeding behavior of the goldfinch. Wilson Bull. 62:107–127;
Holcomb, L. C. 1969. Breeding biology of the American gold-
finch in Ohio. Bird-Banding 40:26–44; Middleton, A. L. A.
1979. influence of age and habitat on reproduction by the
American goldfinch. Ecology 60:418–432; Middleton, A. L.
A. 1993. American goldfinch. In A. Poole and F. Gill, eds.
The birds of North America. No. 80. Academy of Natural
Sciences, Philadelphia, PA.

55. Lawrence, L. de Kiriline. 1948. Comparative study of the
nesting behavior of chestnut-sided and Nashville warblers.
Auk 65:204–219.

56. Lawrence, L. de Kiriline. 1949. The red crossbill at Pimisi
Bay, Ontario. Can. Field-Nat. 63:147–160; Snyder, D. P., and
J. F. Cassel. 1951. A late summer nest of the red crossbill in
Colorado. Wilson Bull. 63:177–180.

57. Lawrence, L. de Kiriline. 1953a. Notes on the nesting behavior
of the Blackburnian warbler. Wilson Bull. 65:135–144.

58. Verbeek, N. A. M. 1970. Breeding ecology of the water pipit.
Auk 87:425–451; Verbeek, N. A. M., and P. Hendricks. 1994.
American pipit. In A. Poole and F. Gill, eds. The birds of
North America. No. 95. Academy of Natural Sciences, Phil-
adelphia, PA.

59. Linsdale, J. M. 1957. Goldfinches on the Hastings Natural
History Reservation. Am. Midl. Nat. 57:1–119.

60. Pickwell, G. B. 1931. The prairie horned lark. Trans. Acad.
Sci. St. Louis 27:92–93; DuBois, A. D. 1935. Nests of horned
larks and longspurs on a Montana prairie. Condor 37:56–72;
Lovell, H. B. 1944. Breeding records of the prairie horned
lark. Auk 61:648–650; Verbeek, N. A. M. 1967. Breeding
biology and ecology of the horned lark in alpine tundra. Wil-
son Bull. 79:208–218; Cannings, R. J., and W. Threlfall. 1981.
Horned lark breeding biology at Cape St. Mary’s, Newfound-
land. Wilson Bull. 93:519–530.

61. Verbeek, N. A. M. 1973. The exploitation system of the yellow-
billed magpie. Univ. Calif. Publ. Zool. 99:1–58; Reynolds, M.
D. 1995. Yellow-billed magpie. In A. Poole and F. Gill, eds.
The birds of North America. No. 180. Academy of Natural
Sciences, Philadelphia, PA.

62. Martin, S. G., and T. A. Gavin. 1995. Bobolink. In A. Poole
and F. Gill, eds. The birds of North America. No. 176. Acad-
emy of Natural Sciences, Philadelphia, PA.

63. Maxwell, G. R., and L. S. Putnam. 1972. Incubation, care of
young, and nest success of the common grackle (Quiscalus
quiscula) in northern Ohio. Auk 89:349–359.

64. Mayfield, H. 1960. The Kirtland’s warbler. Cranbrook institute
of Science, Bloomfield Hills, MI; Mayfield, H. 1992. Kirt-
land’s warbler. In A. Poole and F. Gill, eds. The birds of North
America. No. 19. Academy of Natural Sciences, Philadelphia,
PA; Walkinshaw, L. H. 1983. Kirtland’s warbler: the natural
history of an endangered species. Cranbrook Institute of Sci-
ence, Bloomfield Hills, MI.

65. Sims, E., and W. R. DeGarmo. 1948. A study of Swainson’s
warbler in West Virginia. Redstart 16:1–8; Meanley, B. 1969.
Pre-nesting and nesting behavior of the Swainson’s warbler.
Wilson Bull. 81:246–257; Meanley, B. 1971. Natural history
of the Swainson’s warbler. North American Fauna, No. 69.
USDI, Fish and Wildlife Service, Washington, DC; Brown,
R. E., and J. G. Dickson. 1994. Swainson’s Warbler. In A.
Poole and F. Gill, eds. The birds of North America. No. 126.
Academy of Natural Sciences, Philadelphia, PA.



684 C. J. CONWAY AND T. E. MARTIN

66. Haggerty, T. M. 1988. Aspects of the breeding biology and
productivity of Bachman’s sparrow in central Arkansas. Wil-
son Bull. 100:247–255; Meanley, B. 1988. Notes on Bach-
man’s sparrow in the Croatan National Forest. Chat 52:2–3;
Dunning, J. B., Jr. 1993. Bachman’s sparrow. In A. Poole and
F. Gill, eds. The birds of North America, No. 38. Academy
of Natural Sciences, Philadelphia, PA.

67. Walkinshaw, L. H. 1952. Chipping Sparrow notes. Bird-Band-
ing 23:101–108; Reynolds, J. D., and R. W. Knapton. 1984.
Nest-site selection and breeding biology of the chipping spar-
row. Wilson Bull. 96:488–493; Middleton, A. L. A. 1998.
chipping sparrow. In A. Poole and F. Gill, eds. The birds of
North America. No. 334. Academy of Natural Sciences, Phil-
adelphia, PA.

68. Morgan, F. D. 1976. Nesting studies of the indigo bunting
(Passerina cyanea) at Thornhill, Indiana. Proc. Indiana Acad.
Sci. 86:461–465.

69. Morton, M. L., and M. E. Pereyra. 1985. The regulation of
egg temperature and attentiveness patterns in the dusky fly-
catcher (Empidonax oberholseri). Auk 102:25–37; Kelly, J. P.
1993. The effect of nest predation on habitat selection by
dusky flycatchers in limber pine-juniper woodland. Condor
95:83–93; Sedgwick, J. A. 1993. Reproductive ecology of
dusky flycatchers in western Montana. Wilson Bull. 105:84–
92.

70. Walkinshaw, L. H. 1956. Some bird observations in the north-
ern peninsula of Michigan. Jack-Pine Warbler 34:107–117.

71. Walkinshaw, L. H. 1966. Summer observations of the least
flycatcher in Michigan. Jack-Pine Warbler 44:151–168; Bris-
kie, J. V., and S. G. Sealy. 1989. Nest-failure and the evolution
of hatching asynchrony in the least flycatcher. J. Anim. Ecol.
58:653–665; Darveau, M., G. Gauthier, J.-L. DesGranges, and
Y. Mauffette. 1993. Nesting success, nest sites, and parental
care of the least flycatcher in declining maple forests. Can. J.
Zool. 71:1592–1601; Briskie, J. V. 1994. Least flycatcher. In
A. Poole and F. Gill, eds. The birds of North America. No.
99. Academy of Natural Sciences, Philadelphia, PA.

72. Mumford, R. E. 1964. The breeding biology of the Acadian
flycatcher. Misc. Publ. Mus. Zool. Univ. Mich. No. 125; New-
man, D. L. 1958. A nesting of the Acadian flycatcher. Wilson
Bull. 70:130–144; Walkinshaw, L. H. 1966. Studies of Aca-
dian flycatcher in Michigan. Bird-Banding 37:227–257.

73. Myers, H. W. 1912. Nesting habits of the western bluebird.
Condor 14:221–222.

74. Wallace, G. J. 1939. Bicknell’s thrush, its taxonomy, distri-
bution, and life history. Proc. Boston Soc. Nat. Hist. 41:
211–402.

75. Nice, M. M., and L. B. Nice. 1932. A study of two nests of
the black-throated green warbler. Part I. Bird-Banding 3:
95–105; Nice, M. M., and L. B. Nice. 1932. A study of two
nests of the black-throated green warbler. Part II. Chronicle
of the August nest. Bird-Banding 3:157–172; Pitelka, F. 1940.
Breeding behavior of the black-throated green warbler. Wilson
Bull. 52:3–18.

76. Nice, M. M. 1937. Studies in the life history of the song
sparrow. I. Trans. Linn. Soc. N.Y. Vol. 4; Rogers, C. M., M.
J. Taitt, J. N. M. Smith, and G. Jongejan. 1997. Nest predation
and cowbird parasitism create a demographic sink in wetland-
breeding song sparrows. Condor 99:622–633.

77. Weathers, W. W., and K. A. Sullivan. 1989. Juvenile foraging
proficiency, parental effort, and avian reproductive success.
Ecol. Monogr. 59:223–246.

78. Webb, E. A. 1985. Distribution, habitat and breeding biology
of the Botteri’s sparrow (Aimophila botterii arizonae). M.A.
thesis, University of Colorado, Boulder, CO; Webb, E. A., and
C. E. Bock. 1996. Botteri’s sparrow. In A. Poole and F. Gill,
eds. The birds of North America. No. 216. Academy of Natural
Sciences, Philadelphia, PA.

79. Best, L. B., and D. F. Stauffer. 1980. Factors affecting nesting
success in riparian bird communities. Condor 82:149–158.

80. Nolan, V., Jr. 1978. The ecology and behavior of the prairie
warbler Dendroica discolor. Ornithol. Monogr. No. 26; Walk-

inshaw, L. H. 1959. The prairie warbler in Michigan. Jack-
Pine Warbler 37:54–63.

81. Norment, C. J. 1992. Comparative breeding biology of Harris’
sparrows and Gambel’s white-crowned sparrows in the North-
west Territories, Canada. Condor 94:955–975.

82. Norment, C. J. 1995. Incubation patterns in Harris’ sparrows
and white-crowned sparrows in the Northwest Territories,
Canada. J. Field Ornithol. 66:553–563.

83. Skutch, A. F. 1962. The constancy of incubation. Wilson Bull.
74:115–152.

84. Zimmerman, J. L. 1963. A nesting study of the catbird in
southern Michigan. Jack-Pine Warbler 41:142–160; Slack, R.
D. 1976. Nest guarding behavior by male gray catbirds. Auk
93:292–300.

85. Zyskowski, K. 1993. Nest-site selection in orange-crowned
and Virginia’s warblers in high-elevation forests of the Mo-
gollon Rim (Arizona): variation in nest placement, phenology,
and microclimate. M.Sc. thesis, University of Arkansas, Fay-
etteville, AR; Sogge, M. K., W. M. Gilbert, and C. van Riper
III. 1994. Orange-crowned warbler. In A. Poole and F. Gills,
eds. The birds of North America. No. 101. Academy of Natural
Sciences, Philadelphia, PA.

86. Power, H. W. 1966. Biology of the mountain bluebird in Mon-
tana. Condor 68:351–371.

87. Prescott, K. W. 1964. Constancy of incubation for the scarlet
tanager. Wilson Bull. 76:37–42.

88. Putnam, L. S. 1949. The life history of the cedar waxwing.
Wilson Bull. 61:141–182.

89. Ritchison, G. 1981. Breeding biology of the white-breasted
nuthatch. Loon 53:184–187.

90. Robins, J. D. 1971. A study of Henslow’s sparrow in Michigan.
Wilson Bull. 83:39–48.

91. Robinson, W. D. 1990. Louisiana waterthrush foraging be-
havior and microhabitat selection in southern Illinois. M.Sc.
thesis, Southern Illinois University, Carbondale, IL; Robinson,
W. D. 1995. Louisiana waterthrush. In A. Poole and F. Gill,
eds. The birds of North America. No. 151. Academy of Natural
Sciences, Philadelphia, PA.

92. Saunders, G. B. 1932. A taxonomic revision of the mead-
owlarks of the genus Sturnella, Vieillot and the natural history
of the eastern meadowlark, Sturnella magna magna (Linnae-
us). Ph.D. diss., Cornell University, Ithaca, NY; Roseberry,
J. L. and W. D. Klimstra. 1970. The nesting ecology and
reproductive performance of the eastern meadowlark. Wilson
Bull. 82:243–267; Kershner, E. L., and E. K. Bollinger. 1996.
Reproductive success of grassland birds at East-central Illinois
airports. Am. Midl. Nat. 136:358–366; Knapton, R. W. 1988.
Nesting success is higher for polygynously mated females than
for monogamously mated females in the eastern meadowlark.
Auk 105:325–329.

93. Stewart, R. M., R. P. Henderson, and K. Darling. 1978. Breed-
ing ecology of the Wilson’s warbler in the high Sierra Nevada,
California. Living Bird 16:83–102.

94. Schrantz, F. G. 1943. Nest life of the eastern yellow warbler.
Auk 60:367–387; Goossen, J. P., and S. G. Sealy. 1982. Pro-
duction of young in a dense nesting population of yellow
warblers, Dendroica petechia, in Manitoba. Can. Field-Nat.
96:189–199; Sodhi, N. S. 1995. Warbler reproductive success
in western Canada. Blue Jay 53:95–97.

95. Lunk, W. A. 1962. The rough-winged swallow: a study based
on its breeding biology in Michigan. Publications of the Nut-
tall Ornithological Club, No. 4.

96. Scott, A. C., and M. Bekoff. 1991. Breeding behavior of even-
ing grosbeaks. Condor 93:71–81.

97. Murphy, M. T. 1983. Nest success and nesting habits of eastern
kingbirds and other flycatchers. Condor 85:208–219; Murphy,
M. T. 1986. Temporal components of reproductive variability
in eastern kingbirds (Tyrannus tyrannus). Ecology 67:1483–
1492; Blancher, P. J., and R. J. Robertson. 1985. Site consis-
tency in kingbird breeding performance: implications for site
fidelity. J. Anim. Ecol. 54:1017–1027.

98. Sakai, H. F. 1988. Breeding biology and behavior of Ham-



685EVOLUTION OF PASSERINE INCUBATION BEHAVIOR

mond’s and western flycatchers in northwestern California.
Western Birds 19:49–60.

99. Thomas, R. H. 1946. A study of eastern bluebirds in Arkansas.
Wilson Bull. 58:143–183; White, S. C., and G. E. Woolfenden.
1973. Breeding of the eastern bluebird in central Florida. Bird-
Banding 44:110–123; Pinkowski, B. C. 1977. Breeding ad-
aptations in the eastern bluebird. Condor 79:289–302.

100. Hanski, I. K., T. J. Fenske, and G. J. Niemi. 1996. Lack of
edge effect in nesting success of breeding birds in managed
forest landscapes. Auk 113:578–585.

101. Martin, T. E. 1995. Avian life history evolution in relation to
nest sites, nest predation, and food. Ecol. Monogr. 65:
101–127.

102. Purcell, K. L., J. Verner, and L. W. Oring. 1997. A comparison
of the breeding ecology of birds nesting in boxes and tree
cavities. Auk 114:646–656.

103. Reinert, S. E., and F. C. Golet. 1979. Breeding ecology of the

swamp sparrow in a southern Rhode island peatland. Trans.
Northeast Sect. Wildl. Soc. 1986:1–13.

104. Donovan, T. M., F. R. Thompson III, J. Faaborg, and J. R.
Probst. 1995. Reproductive success of migratory birds in hab-
itat sources and sinks. Conserv. Biol. 9:1380–1395.

105. Yahner, R. H. 1991. Avian nesting ecology in small even-aged
aspen stands. J. Wildl. Manage. 55:155–159.

106. Martin, T. E., and A. V. Badyaev. 1996. Sexual dichromatism
in birds: importance of nest predation and nest location for
females versus males. Evolution 50:2454–2460.

107. Nolan, V., Jr. 1963. Reproductive success of birds in a de-
ciduous scrub habitat. Ecology 44:305–314.

108. Wray, T., II, K. A. Strait, and R. C. Whitmore. 1982. Repro-
ductive success of grassland sparrows on a reclaimed surface
mine in West Virginia. Auk 99:157–164.

109. Rodenhouse, N. L. 1986. Food limitation for forest passerines:
effects of natural and experimental food reductions. Ph.D.
diss., Dartmouth College, Hanover, NH.


