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Patterns of nest attendance behavior by breeding birds represent a parent-offspring 

trade-off in which adults balance self-maintenance with parental care decisions. 

Incubation, in particular, is of interest because adults must provide an environment 

suitable for embryonic development through nest-building and contact-incubation. 

We evaluated how adult incubation constancy and nest visitation rates varied with 

life and natural history traits of temperate and tropical bird species. We found that 

constancy did not differ by latitude or with nest survival rate. A strong negative 

correlation between incubation constancy and egg mass relative to adult body mass 

was present. Birds with low constancy tended to have larger relative egg masses 

and higher basal metabolic rate. Because adult incubation constancy is relatively 

plastic (i.e., varies with ambient temperature), birds with larger relative eggs may 

respond to lower cooling rates rather than direct selection for higher or lower 

constancy. We then assessed if rates of nest visitation (trips to nests by adults 

during incubation and nestling phases) followed the predictions of the Skutch 

hypothesis. Skutch suggested that birds nesting in environments with high levels 

of nest predation would reduce numbers of trips to their nests so as to minimize the 



 

 

risk of visual detection by nest predators. We found support for the basic pattern 

predicted by Skutch. We also extended his hypothesis to predict other behavior 

associated with nesting, such as responses of parents to intruders at the nest.  

Despite apparently early departure from the nest site, adults with higher visitation 

rates remained conspicuous around the nest site. Thus, while the flight initiation 

distance from the human observer was earlier than expected, conspicuousness of 

behavior was associated with nest visitation rate. Finally, we assessed how an 

environmental variable, photoperiod, might influence rate of embryonic 

development in a wild songbird, Sylvia atricapilla. We exposed eggs throughout 

the incubation period to daily photoperiods consisting of 4 hours of light and 20 

hours of dark (4L), 12 hours light and 12 hours dark (12L), 20 hours light and 4 

hours dark (20L) and a skeleton photoperiod with two 1-hour pulses of light that 

framed a 20-hour day. We found that the skeleton treatment group differed 

significantly from our 4L and 12L, but not the 20L treatment groups. The skeleton 

photoperiod accelerated embryonic development. We suggest that photoperiod 

may influence incubation period in wild birds and could account for some portion 

of the widely observed latitudinal variation in incubation period of songbirds. We 

encourage others to assess how photoperiod interacts with parental attendance 

patterns to affect embryonic development.  
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LIFE HISTORY AND ENVIRONMENTAL INFLUENCES ON ADULT 
ATTENDANCE AND INCUBATION PERIODS IN SONGBIRDS 

 

CHAPTER 1 

General Introduction 
 

Suzanne H. Austin-Bythell 

 

 Life history theory is based on the principle that there is a trade-off 

between reproduction and survival (Williams 1966). Trade-offs in investment 

result in similar responses among suites of life history traits (termed syndromes or 

paces of life), depending on selective environmental pressures (Ricklefs & 

Wikelski 2002). Among birds, life history traits vary with latitude. Temperate 

songbirds typify a fast pace of life with selection favoring increased investment in 

current reproduction and lower adult survival rates whereas tropical passerines 

tend towards a slower pace of life with lower annual reproductive rate and higher 

adult survival (Moreau 1944; Lack 1968; Ricklefs 1969; Snow & Lill 1974; 

Ricklefs 1976; but see, Karr et al. 1990; Johnston et al. 1997). 

 Developmental traits present an interesting case study because parents must 

balance self-maintenance with incubation or provisioning activities needed to 

produce viable offspring (Deeming 2002a). Incubation is particularly constraining 

for adults because birds almost ubiquitously utilize adult contact-incubation and 

embryos require maintenance within a narrow range of thermal conditions for 

optimal development (Deeming 2002b). Environmental factors such as 

temperature, humidity, ventilation, and light may influence incubation 

(Christensen 1995) while intrinsic factors influenced by adult investment and 

quality of the embryo may constrain development (Ricklefs & Starck 1998). These 

factors affect embryonic and post-embryonic developmental rates, and 

compositions of key life-history traits (Ricklefs & Starck 1998).  
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 Tropical birds generally have slower developmental rates than temperate 

species, meaning that incubation periods tend to be longer (Ricklefs 1969) and 

nestling growth rates tend to be lower (Ricklefs 1976). Many researchers attribute 

this difference to lower rates of adult attendance and provisioning caused by lower 

resource availability or quality (Lack 1968), seasonality of resources (Ashmole 

1963), higher nest predation rate (Skutch 1949; Skutch 1985), or a trade-off 

between reproductive investment and survival (Williams 1966). Recent work has 

shown that tropical birds exhibit lower rates of adult attendance (Chalfoun & 

Martin 2007), however, conflicting evidence exists (Tieleman et al. 2004; 

Tieleman et al. 2006). 

 Though intrinsic developmental rate and allometry are likely the most 

significant factors influencing avian incubation, environmental influences such as 

predation rate, microclimate of nests, and exposure to light may help to further 

explain these differences. For instance, high predation rate is thought to decrease 

adult attendance (and hence, lengthen incubation periods) in tropical species 

(Martin 2002). In contrast, low levels of predation can also be associated with 

longer incubation periods, as is the case with cavity-nesting species (Lack 1968). 

Birds that experience lower predation rates are more likely to invest in larger 

clutches while also lowering attendance rates to reduce energetic costs in 

intermittent incubating species (Lack 1968).  

 Light levels experienced by eggs present a novel explanation for some 

variation in incubation period. In poultry, it is well established that increased 

exposure to light during early stages in incubation accelerates development 

(Shutze et al. 1962; Lauber 1975). Wild birds, nesting in a variety of conditions, 

could modify their incubation attendance to optimize exposure to light or to take 

advantage of this when responding to other selective pressures. Influence of light 

has not been tested in wild birds despite the fact that they experience a wide range 

of light regimes. Some anticipated differences in ambient light match well with 

patterns in incubation periods among species. For instance, cavity nesting species 

are exposed to little natural light and have longer incubation periods than open-cup 

nesting species (Lack 1968), which are likely to receive more light exposure. 
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Additionally, lengths of incubation periods tend to decrease as latitude increases 

(Ricklefs 1969) which correspond well with longer daylengths at higher latitudes. 

Thus, light may influence incubation periods of wild birds, but this effect has 

never been studied. 

 In this thesis, I evaluate the influence of light and parental nest attendance 

patterns on the incubation periods of passerine birds. I examine how two forms of 

parental attendance, constancy and visitation rate, relate to avian life history 

syndromes among bird species.  Last, I will experimentally evaluate how light may 

influence the incubation period of a wild songbird species. 
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ABSTRACT: 

 Constancy of incubation by birds, i.e., the proportion of time that adults 

incubate their clutch, is a flexible trait that influences the environment of the 

developing embryo. Because constancy of incubation varies among species, even 

within sites where species experience the same ambient temperatures, constancy of 

incubation is expected to vary in association with differences among species in their 

other life history traits. We assessed how adult incubation constancy relates to a 

complex of life history traits associated with reproductive investment in 16 temperate 

and tropical bird species. We hypothesized that constancy would co-vary with traits 

related to adult reproductive investment strategy. We compared estimates of diurnal 

and total constancy to clutch size, incubation period, egg mass, clutch mass, adult 

mass, basal metabolic rate, nest survival rate, incubation type, and region. We did not 

find a regional difference in constancy of incubation. Birds with high constancy had 

higher body mass, low egg mass relative to adult mass, and high basal metabolic rate. 

Adult constancy of incubation was unrelated to the duration of the incubation period 

and nest survival rate. Our results indicate that constancy and relative egg mass co-

vary: birds in our sample typically had either relatively small eggs and high constancy 

or large eggs and low constancy. We suggest that constancy is an important variable to 

consider in comparative life-history analyses addressing incubation period; however, 

due to its general plasticity, it should be viewed in conjunction with egg mass and 

other traits related to the egg environment. 

 

INTRODUCTION: 

 Life history theory indicates that suites of traits vary depending on the relative 

magnitude of investment in reproduction or survival (reviewed in Roff 1992). This 

covariation in traits produces pace-of-life syndromes where species with similar 

strategies group together along a slow-fast continuum. In birds, the strategy of 

oviparity combined with contact incubation is a particular challenge because it 

requires adult trade-offs in investment of time and energy between providing parental 

care and self-maintenance.  Avian phenotypes associated with the fast end of the pace-



8 
 

 

of-life continuum tend to have higher basal metabolic rates, larger clutches, shorter 

incubation times, faster growth, higher incubation attendance, and higher rates of 

nestling provisioning, which suggest relatively greater allocation of energy to 

reproduction compared with self-maintenance (Moreau 1944; Skutch 1962; Ricklefs 

1969b; Ricklefs 1976; Ricklefs 1993; Ricklefs 2000; Tieleman et al. 2004; Tieleman 

et al. 2006; Martin et al. 2007; Wiersma et al. 2007). Such species tend to live in 

temperate environments. In contrast, many tropical species have lower basal metabolic 

rates, smaller clutches, longer incubation times, slower growth, lower rates of nestling 

provisioning, which places them toward the slow end of the pace-of-life continuum 

(Tieleman et al. 2006; Wiersma et al. 2007; Williams et al. 2010). In principle, while 

constancy of incubation (hereafter, constancy) will be influenced by ambient 

temperature (White & Kinney 1974; Wiebe & Martin 1997), it should also be 

correlated to life history traits that influence the egg environment including clutch 

size, egg size, and nest type (reviewed in Deeming 2002).  

 Temperate birds typically have lower egg mass relative to adult mass than 

tropical species (Lack 1968; Martin 2008). This difference in relative egg mass has 

generally been attributed to lower parental investment in individual offspring, which is 

offset by the typically larger clutches laid by temperate birds (Lack 1968). Covariation 

in egg mass and clutch size may occur due to variation in parental investment strategy 

and/or cooling rate, both of which would feed back into adult constancy behavior 

(Martin et al. 2007; Martin 2008). Lower constancy is usually associated with 

prolonged off-bouts, which generally results in egg temperature decreases below the 

level required for optimal embryonic development (Olson et al. 2006). Embryonic 

developmental strategy and adult behavior are likely the result of selection to optimize 

both embryo development and adult attendance to maximize offspring viability for a 

given environment (Vleck & Vleck 1996; Tinbergen & Williams 2002; Williams 

2002). 

 Adult constancy and egg temperature are thought to be directly related to the 

duration of incubation (Chalfoun & Martin 2007). Birds with high constancy are able 

to maintain their eggs at higher temperatures and thus have shorter incubation periods 

(Skutch 1962) though some seabirds have long incubation periods yet high constancy 
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(reviewed in Ricklefs & Starck 1998). Although the relationship between constancy 

and incubation period seems intuitive, recent work has provided contradictory 

evidence on the relationships between constancy, egg temperature, and incubation 

period in wild birds (Ricklefs 1993; Tieleman et al. 2004; Robinson et al. 2008; 

Robinson et al. in review). Two correlational studies found no relationship between 

constancy, egg temperature, or incubation period (Ricklefs 1993; Tieleman et al. 

2004). In poultry, incubation temperature affects the duration of incubation (reviewed 

in Ricklefs 1987). Eggs incubated at slightly higher incubation temperatures hatch 

earlier than those incubated at lower incubation temperatures, however, extreme 

deviation from optimal incubation temperature (37.5C) results in deformities, low 

fitness of hatchlings and mortality (Romanoff 1935; Landauer 1967; Christensen 

1995; Feast et al. 1998; Colvin 2002). Regular daily deviations from optimal 

incubation temperatures, both high and low, at different times in incubation have been 

shown to result in differences in skeletal growth in poultry, but compensatory growth 

can correct this effect (Yalcin et al. 2012). Tieleman et al. (2004) did not find a 

correlation between egg temperature and incubation period in wild birds. Other 

experiments, involving interspecific egg swapping to manipulate incubation 

temperature in naturally incubated eggs, showed that eggs moved into nests of species 

with higher incubation temperatures hatched sooner than eggs from their own cooler 

nests (Martin 2008). Robinson et al. (2008; in review) utilized artificial incubators to 

maintain eggs at constant temperature, which removed effects of parental attendance 

behavior on incubation period. Neither study was able to decrease the duration of 

incubation in eggs placed in mechanical incubators. Nor did constant incubation at the 

same temperature reduce the variation among species in embryo development period. 

 Incubation strategies may also influence constancy (Skutch 1957; Skutch 

1962). In species with biparental incubation, total constancy is often high (sometimes 

nearly continuous), whereas species with uniparental incubation often leave eggs 

unattended during daylight hours while the incubating adult is engaged in self-

maintenance activities (Skutch 1957; Skutch 1962; Cockburn 2006). While adult 

strategy should favor any mechanism, potentially including increased constancy, that 

reduces the length of the incubation period, other traits such as basal metabolic rate 
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(BMR) may influence parental behavior. Higher basal metabolic rates have been 

related to shorter lifespans (Williams & Oleksiak 2011), which in turn, are associated 

with higher reproductive investment.  Energetic requirements will influence parental 

attendance decisions, such as constancy. Incubation may be energetically costly to the 

attending adult, 3-4 times higher than BMR if temperature is low (i.e., below the 

thermoneutral zone; reviewed in Thomson, Monaghan & Furness 1998). Additionally, 

because relative egg size scales negatively with BMR (Rahn, Sotherland & Paganelli 

1985), both BMR and relative egg mass may be related to different levels of adult 

constancy though due to the plasticity of constancy, it is not likely that selection 

occurs on constancy initially. 

 Another factor that may influence constancy of incubation is risk of nest 

predation (Martin 2002; Chalfoun & Martin 2007; Robinson & Rompré 2008). Skutch 

(1949; 1985) hypothesized that high levels of adult activity at the nest increased the 

risk that visual predators will detect and depredate nests. Because tropical birds 

experience, on average, higher predation rates than most temperate species (Ricklefs 

1969a; Robinson et al. 2000; Brawn et al. 2011), an overall reduction in nest 

attentiveness might allow tropical nests to escape detection by predators if parents 

have lower constancy (Martin 2002). Consequently, nest predation rate could increase 

the variability in egg temperatures if parents reduce their time at the nest by taking 

longer off-bouts, which allow eggs to cool (Martin 2002; Chalfoun & Martin 2007). 

On and off-bout length were not correlated to duration of incubation period in tropical 

birds though minimum egg temperature was correlated to off-bout length (Tieleman, 

Williams & Ricklefs 2004).  

 We sought to determine the associations of life history traits with constancy of 

incubation across a diverse sample of tropical and temperate bird species. We 

hypothesized that patterns of incubation constancy vary as a component of the pace of 

life and that these patterns are a part of typical avian life-history syndromes. We focus 

on how adult incubation constancy relates to other aspects of a bird's life history (i.e., 

adult body mass, egg and clutch mass, BMR, clutch size, incubation type and risk of 

nest predation) during the egg period. 
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METHODS: 

Study areas: 

  Our study area consisted of a temperate (Michigan, USA) and tropical site 

(Republic of Panama).  In southwestern Michigan (42°N 85°W), fieldwork was 

conducted at Lux Arbor Reserve and Kellogg Biological Station (KBS). Lux Arbor is 

a 1323-ha reserve that consists of active agricultural fields, mixed-deciduous forest, 

conifer tree plantations, wetlands, and meadows (http://lter.kbs.msu.edu/). Average 

annual precipitation is 89 cm y-1, and mean annual temperature is 9.7°C 

(http://lter.kbs.msu.edu/). KBS is approximately 17-km south of Lux Arbor, and 

consists of landscaped parkland on the grounds of the biological station. Data 

collection occurred between May and early August from 2003-2005. In central 

Panama (9°N 79°W), we conducted fieldwork at Soberania National Park (SNP). SNP 

(22,000-ha) is approximately 30-km north of Panama City, and is located near the 

junction of the Chagres River and Panama Canal. We worked primarily in and around 

the small town of Gamboa in lowland second growth rainforest and parkland habitats 

within the city limits. Average rainfall is 260 cm y-1 (Robinson et al. 2000), and 

average annual temperature is about 25°C (Windsor 1990). Fieldwork was conducted 

between March and July annually from 2003-2006.  

 

Data collection: 

At each site, we recorded a variety of life history traits at nests of birds located 

during general nest searching. For the entire nesting cycle, we monitored nests every 

three days until a nest fledged or failed, with the exception of near nest completion, 

laying, and hatching where we checked nests daily. By checking nests daily during 

these specific times, we could accurately determine when nests transitioned between 

the various stages of breeding (nest building, laying, incubating, chick-rearing, and 

fledging). This information was used to estimate incubation periods, egg-age (see 

constancy), and nest survival rates. All data are presented in Table 1. 
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Constancy: To record attendance and provisioning patterns, we videotaped nests for 

two-hour intervals using Sony Hi8 handycams. We deployed cameras near nests for 

all times of day, but focused on the first 8 hours after sunrise. We measured the time 

adults attended nests during incubation. Our variable of interest, constancy, is defined 

as the percentage of time a parent spent attending its nest during an observation 

period. Because some birds may be affected by the initial visit to the nest by an 

observer or the presence of the camera, we adjusted starting times of the observation 

period to begin following the initial return of a parent to the nest (i.e., latency).  

Following onset of incubation and clutch completion, adults typically incubate eggs 

through the night. To estimate total nest attendance time for each species, we 

combined our daytime measurement of attendance with nighttime attendance (100% 

attendance at night in both temperate and tropical locations, which we confirmed with 

night-time nest inspections (see also Ricklefs & Brawn 2013). We estimated total 

constancy using the following equation:  

 

Constancytotal = [(Constancyday*Day length, hr) +(Constancynight*Night length, 

hr)]/24hr,  

 

At the height of the breeding season, nights are longer in Panama than in Michigan. 

We chose the daylength for June 1 for each region (USNO), which represents a 

midpoint in breeding seasons for most of our species. Adult attendance may be less 

constant in early incubation, thus, we calculated constancy estimates for early and late 

stages of incubation. Based on the findings of Rompré and Robinson (2008) we 

assigned nests to two age categories, less than or equal to six days (≤6d) and greater 

than six days (>6d) following clutch completion. We used only original data in these 

analyses owing to differences in how constancy was calculated (e.g., adjusting for 

adult latency) and incomplete presentation in the literature of how attendance data 

were gathered (i.e., missing information on egg age).  

 

Egg Mass, Clutch Mass, and Clutch Size: When eggs were present, we individually 

marked (with a non-toxic felt-tipped pen), weighed (±0.1g), and measured the length 
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and breadth (±0.1mm) of each egg.   If eggs were found after incubation had 

commenced, we used the linear measurements of the egg to estimate fresh egg mass 

(g) following Deeming (2002). We estimated clutch mass (g) by summing measured 

and/or estimated fresh egg masses for all eggs in each clutch. Relative egg and clutch 

mass represent the ratios of egg or clutch mass to adult mass (g).  

 

Incubation Period: We measured incubation period as the duration of time from clutch 

completion to the hatch of the last egg (d-1).  

 

Adult mass and BMR: Adult masses were obtained from Wiersma et al. (2007), Hau et 

al. (2010), or Dunning (2008). Both Hau et al. (2010) and Wiersma et al. (2007) 

measured birds at our study sites in Panama though only Hau et al. (2010) captured 

birds at the Michigan study site. All BMR data are from Wiersma et al. (2007), which 

included birds at our study sites.  

 

Cumulative Nest Survival Rate (SR): We estimated SR for the period that each nest 

contained eggs. We excluded data from the nestling period. Clutch SR was calculated 

using Mayfield (1961 and 1975) for species with n ≥15 nests. We pooled data within 

study sites across all years of our study to generate one SR estimate per species and 

site.  

 

Categorical variables: We included data from our work and the literature for 

incubation strategy (IncType: uni-parental versus bi-parental). A variable describing 

geographic location (i.e., region: Panama versus Michigan) was included as a 

surrogate for differences in daylength between temperate and tropical sites, though it 

will encompass many other factors as well. 

 

Summary statistics of continuous traits: We used mean or median values of all traits 

for each species (PROC UNIVARIATE; SAS 9.3). We evaluated normality of 

distributions with Shapiro-Wilk tests. If the Shapiro-Wilk test was significant (p<0.05) 
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or the sample size was ≤4, we used medians. Conversely, if data were normal and 

sample size >4, we used means. 

 

ANALYSIS: 

Incubation Age Category:  

 Our variable of interest, constancy, may increase as the incubation period 

progresses (Skutch 1962; Rompré & Robinson 2008; Ricklefs & Brawn 2013). To 

determine if constancy differed with the stage of incubation (<6d or >6d) in each 

species, and thus, if it was necessary to control for egg age in later analyses, we 

conducted a Kruskal-Wallis non-parametric ANOVA with daytime constancy as the 

response variable and egg age as the explanatory variable.  

 

Multivariate Statistics:  

 We conducted non-metric multidimensional scaling (NMS) to assist in 

visualizing species' patterns in life-history space. NMS is a multivariate ordination 

analysis, which uses iterations based on trait matrices (McCune & Grace 2002; Peck 

2010). We used two matrices, traits and attributes: 1) traits (constancy, egg mass, adult 

mass, BMR, clutch size, incubation period, incubation type, and SR) and 2) attributes 

(region). Because trait estimates were scaled differently, we relativized our data by 

column total (general) (McCune & Grace 2002). Based on data distribution, we log-

transformed egg mass, adult mass, clutch size and incubation period. We chose to 

relativize the data by column (trait) totals rather than by the maximum value because 

relativizing data by maximum values suggests that the maximum is the highest 

potential value for a given dataset. We did not feel that this assumption was 

appropriate and chose instead to relativize by proportions of the trait total. NMS was 

based on Sørenson distances (McCune & Grace 2002; Peck 2010).  We chose this 

distance measure because it is less sensitive to data heterogeneity and to smaller 

datasets that are typical of life history studies (McCune & Grace 2002; Peck 2010). In 

contrast, Euclidean distances are more appropriate for large datasets with low 

heterogeneity. Axes are not interpretable and represent the best fit based on the 
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matrices. Plots are used to visualize the data. We discuss species' clustering and the 

directionality of the trait vectors. For Sørenson distances, the range of the variables 

may influence the weighting of the vector length, which is important to consider when 

traits such as adult mass (range 7.3 to 121.7g) are compared to constancy (0.47 to 

1.00). The primary use of NMS is to assess how species and traits relate to each other 

in life-history ordination space. 

 

Multiple Linear Regression and Model Averaging:   

 We conducted multiple linear regressions and model selection where daytime 

or total constancy was compared to relative egg mass, clutch size, incubation period, 

clutch survival rate (SR), incubation strategy (uni or bi), region (temperate or tropical), 

and adult BMR (PROC REG). Because clutch mass may correlate with constancy 

differently than egg mass, yet is not independent of egg mass and clutch size, clutch 

mass cannot be considered in the same model. Thus, we considered egg and clutch 

mass in separate models using the same suite of life history variables. We checked that 

data were normally distributed. We transformed variables (clutch size and incubation 

period) using the natural log (ln). 

 To simplify interpretation of top models, we conducted model averaging 

(PROC GLMSELECT, SAS v9.3). Models were bootstrapped (10,000 iterations). The 

model with the best fit  (Subset(best=1)) was selected. This approach was used 

similarly in a comparative analysis by Hau et al. (2010) though we use frequency 

scores instead of Akaike weights (Wi). Frequency score (πi) and Wi are generally 

considered equivalent, but πi is preferential as it is generated from bootstrapping 

(Burnham & Anderson 2002). 

 For comparative analyses, we checked the life-history matrix data for 

multicollinearity (PROC CORR, SAS v.9.3) using correlation coefficients (Pearson 

and Spearman; Fig. 2). High multicollinearity (r>0.7) causes variance inflation. We 

found that adult mass was highly collinear with egg mass (0.97), clutch mass (0.85) 

and BMR (0.95). BMR was collinear with egg mass (0.94) and clutch mass (0.88). 

Constancy was collinear with total constancy (0.99; Fig. 1) and clutch mass was 

collinear with egg mass (0.85). To account for the correlation between egg, clutch, and 
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adult mass, we estimated the relative egg and clutch masses, which we defined as the 

ratio of egg or clutch mass to adult mass. We then tested for collinearity between 

relative egg and clutch masses and the other co-variables. We found that BMR and 

relative egg mass continued to be strongly collinear (-0.88). However, the relative 

values of egg and clutch mass were less correlated to BMR (0.61 and -0.69, 

respectively). To avoid variance inflation in our models, we only included one 

variable in pairs or groups of redundant traits (e.g., relative egg mass is collinear with 

BMR, but we only included BMR in the model). We addressed collinear traits with 

their redundant variables in the interpretation of models. 

 

RESULTS 

We gathered data from 16 species (5 temperate, 11 tropical; Table 1) from 

Passeriformes and Columbiformes.  

 

Incubation stages (less than or equal to 6d vs. greater than 6d):  

 We assessed if constancy changes as a function of egg age. We found that mean 

constancy across the two stages (≤6d versus >6d) differed in only two species 

(variable seedeater and white-bellied antbird, both from Panama) and those differences 

were in opposite directions (Table 2). Because, on average, there was no difference in 

constancy across stages, we used the median value of constancy for the entire 

incubation period of each species in all analyses (Table 2). 

 

Nonmetric Multidimensional Scaling:  

 We used a subset (n=14) of our original dataset for this analysis because BMR 

data were not available for all species and PC-ORD (v5.33) is not able to handle 

missing values. Because daytime constancy and total constancy (night plus day) are 

highly redundant (r=0.99), we only included daytime constancy in the NMS analysis.  

Also, as collinearity of trait variables does not bias the models in NMS, we included 

adult mass, BMR, and egg mass. We did not include clutch mass in the NMS analysis 

because it is represented by egg mass and clutch size.  
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 We found that our model was viewed in 2-dimensional space (final 

stress=4.92, 45 iterations, final instability<0.0001). The r-squared values were 0.63 

(axis 1) and 0.33 (axis 2), which results in a cumulative value of 0.96. The 

orthogonality (0-100) is (axis 1 vs 2) 77.6 (r=-0.47). This value suggests that there is 

some pairing between these axes, which likely accounts for the lower orthogonality. 

The NMS plot of our subset of 14 species suggests that adult mass, BMR, egg mass, 

and constancy measurements all vary in the same direction (Fig 3).  

 

Model Selection and Model Averaging:  

 We assessed the data for outliers visually and using studentized residuals from a 

regression of the full model (PROC REG). When studentized residuals were ≥|2|, we 

considered it an outlier; thus, we ran the models with and without these species. For 

both constancy variables, we found that blue-gray tanager, black-striped sparrow, and 

American goldfinch were outliers whereas gray catbird was only an outlier for total 

constancy. When we replaced relative egg mass and clutch size with relative clutch 

mass, the only outlier present for both constancy variables was the black-striped 

sparrow. We present the findings from both sets of analyses below and estimates of 

back-transformed variables. 

 We conducted model averaging to determine the variables that occurred most 

frequently and had the most weight within the model (PROC GLMSELECT, 

ModelAverage) following Burnham and Anderson (2002). We found that relative egg 

mass was most frequently negatively correlated to diurnal constancy (πi =1470; est.=-

3.26±1.36, F1,14=5.8 and p =0.031, Fig 3.) until outliers were removed (πi=3201; 

relative egg mass est.=-2.38±0.27, F1,9=81.1, p<0.0001, incubation period est.=-

0.47±0.06, F1,9=68.9, p<0.001; and incubation type est.=-0.17±0.02, F1,9=85.3 and 

p<0.001). For total constancy, the model average contained relative egg mass (πi 

=1359; est.=-1.68±0.72, F1,14=5.4 and p =0.035). When total constancy was analyzed 

without outliers, it was correlated to relative egg mass, incubation period and 

incubation type (πi=4115; relative egg mass F1,8=65.8 and p<0.001 est.=-1.21±0.15; 

incubation period F1,8=48.5 and p <0.001, est.=-0.22±0.03; incubation type= 
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F1,8=84.1 and p<0.001, est.=0.10±0.01). Thus, when outliers were removed, both 

constancy variables were negatively correlated to relative egg mass and incubation 

period, and positively correlated to incubation type (bi vs uni).  

 When we replaced clutch size and relative egg mass with relative clutch mass, 

we found that daytime constancy was correlated to incubation period, SR, incubation 

type and region [πi=1282, incubation period F1,  11=3.6, p=0.085, est.=-0.55±0.29; SR 

F1, 11=2.8=0.124, est.=0.44±0.26; incubation type F1, 11=8.8, p=0.013, 

est.=0.25±0.09, region F1, 11=2.0, p=0.181, est.=0.10±0.07; without outlier: πi=2584, 

incubation period F1,  10=12.2, p=0.006, est.= -0.61±0.23; SR F1, 10=6.0=0.035, 

est.=0.38±0.16; incubation type F1, 10=30.2, p<0.001, est.=0.28±0.05, region F1, 

10=9.7, p=0.011, est.=0.13±0.04]. Total constancy was negatively correlated with 

relative clutch mass (πi=1013; F1, 14=1.8, p=0.207, est.=-0.21±0.16) and without the 

outlier, total constancy was most frequently correlated to incubation period, SR, 

incubation type and region (πi=1757; incubation period F1, 10=10.6, p=0.009, est.=-

0.32±0.10; SR F1, 10=6.6, p=0.028, est.=0.23±0.09; incubation type F1, 10=29.4, 

p<0.001, est.=0.16±0.03, region F1, 10=5.2, p=0.046, est.=0.06±0.02). Generally, 

constancy variables were negatively correlated to incubation period, and positively 

correlated to all other variables. 

 

DISCUSSION: 

 Based on regression results, there were strong correlations between constancy, 

BMR, egg mass and adult mass (or relative egg mass). This finding is supported by 

the NMS analysis. These results may suggest a life history syndrome where high 

constancy is related to high BMR, high adult/egg masses, but low relative egg mass, 

unrelated to region. We also found that nest survival rate was not related to constancy 

(diurnal or total) when relative egg mass and clutch size were included in the model. 

Constancy was also unrelated to incubation type and incubation period until outliers 

were accounted for. The relationships between constancy, egg mass, adult mass, and 

BMR are highly interrelated, which is likely due to the latter three variables. This is 
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apparent in both sets of analyses, but may best be observed in Figure 3. When clutch 

mass was used instead of egg mass, it was correlated to incubation period, survival 

rate, incubation type and region. While model weights were always stronger in models 

without outliers, model weights were also larger in the corresponding analyses when 

relative egg mass and clutch size were included instead of relative clutch mass. This 

difference in model weights suggests that relative egg mass and clutch size account for 

much of the patterns in the data and clutch mass does not, and may account for the 

number of variables that are correlated to relative clutch mass.  

  Our results suggest that constancy and relative egg mass are highly negatively 

correlated; thus, birds with high constancy have relatively small eggs and vice versa. 

Because constancy varies with ambient conditions, and is thus relatively flexible, 

selection likely occurs on egg mass, which influences embryo cooling rate and adult 

constancy. Larger egg sizes may allow for increases in metabolism and less optimal 

growth, which is often associated with periodic cooling in embryos (Whittow 1980). 

While selection should favor embryos that tolerate frequent cooling in species with 

low constancy, higher ambient temperature and high relative humidity, as in the 

tropics, may play some role in ameliorating these effects by decreasing cooling rate. 

Additionally, larger eggs should lose heat more slowly than smaller eggs, but clutch 

size and nest materials and type will influence heat loss. Egg temperatures may also 

vary with latitude due to lower constancy (Schwabl, Palacios & Martin 2007; but see, 

Ricklefs & Brawn 2013); however, data from Panama suggest that tropical birds can 

maintain similar egg temperatures as temperate species (Tieleman, Williams & 

Ricklefs 2004). Thus, with the similar 24hr constancy levels, similar egg temperatures 

and the likely slow cooling rates, latitudinal variation in incubation period among 

passerines may not be as temperature-dependent as has been suggested. Indeed, less 

plastic traits (e.g., egg size) may have a stronger influence on incubation and parental 

behavior because they reflect, at least in part, environmental influences that are 

predictable over long periods of time (e.g., ambient temperature during breeding 

seasons).  

 Birds likely optimize their attendance behaviors based on the embryonic needs 

of the embryo (White & Kinney 1974). The idea that adults optimize their level of 
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constancy is supported by work by Chalfoun & Martin (2007) where they attempted to 

answer if food availability or predation rate was more influential to adult attendance 

by providing food supplements. They found that supplemented birds did not increase 

incubation time, but instead engaged in more self-maintenance activities (Chalfoun & 

Martin 2007). While the authors suggest that high nest predation, and not limited food 

availability, was responsible for the low attendance of this species there may be an 

alternative explanation (Chalfoun & Martin 2007). If adults do not incubate eggs at a 

sufficiently high constancy, eggs are exposed to long off-bouts where temperature 

falls below optimal growth conditions. If growth does occur at lower temperatures, it 

would likely be less efficient as Olson et al (2006 and 2008) found with Zebra Finch 

embryos exposed to periodic cooling. Cooled embryos had a lower mass and grew less 

efficiently than those incubated under constant temperatures (Olson et al. 2008). 

Periodic cooling from 30 to 20 C caused relatively fast linear trait growth when 

compared to soft tissue and mass growth (Olson et al. 2008). Poultry and reptile 

studies have also shown a decrease in muscle growth with temperature decreases 

(Booth et al. 2000). This suggests that if constancy is too low, there may be a fitness 

cost to the embryo, which if not too severe, can be compensated for at later stages of 

development (Olson et al. 2008). Selection should favor a constancy that is 

sufficiently high to avoid fitness costs to the embryo. 

 We further posited that constancy is correlated to adult BMR because adult 

energetics and size may act as limits to constancy. We found that both adult mass and 

BMR were highly correlated with constancy. Larger birds with higher basal metabolic 

rate were positively correlated to constancy as represented by the redundant variable, 

relative egg mass. Also, birds with lower constancy have higher relative egg mass and 

lower BMR. The relationship between BMR and relative egg mass has been observed 

in other species (Fig. 4) (Rahn, Sotherland & Paganelli 1985) and is suggested to be 

related to the energetic cost of producing an egg. Yet the majority of variation in BMR 

has been attributed to adult mass, which is also related to relative egg mass and 

constancy. While we attempted to control for adult mass by comparing relative egg 

mass to constancy and BMR, we cannot completely disentangle the effects of adult 

mass. Adult mass, BMR and constancy may be linked by variation in ambient 
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temperature. Bergmann's rule shows that size is correlated to temperature. Similarly, 

White et al. (2007) found that BMR was influenced by ambient temperature with 

species in warmer climates typically possessing a lower BMR. This is similar to the 

findings of Wiersma et al (2007), which showed lower metabolism in tropical and 

higher metabolism in temperate passerines. Because lower BMR is associated with a 

slow pace of life (Williams et al. 2010), selection may favor strategies that result in 

higher adult survival and lower annual investment in reproduction. Lower constancy 

and larger relative eggs may be the result of an optimized strategy for higher survival 

in adults and higher fitness of eggs.  

 Similar to other studies, we found no correlation between constancy and 

incubation period (Ricklefs 1993; Tieleman et al. 2004). Thus, birds may already be 

incubating at an optimal level for the maximum embryonic development and 

minimum parental investment. This supports work by Robinson and colleagues (2008) 

that attempted to remove the effect of parental attendance by artificially incubating 

eggs under constant conditions. Contrary to their prediction, they did not decrease 

incubation period in experimentally incubated eggs (Robinson et al. 2008), meaning 

that increased constancy did not accelerate embryonic development. Ricklefs and 

Brawn (2013) suggested that the embryo may set incubation duration as opposed to 

embryonic development being dictated by constancy. Tropical embryos and hatchlings 

may derive some, as yet unknown, benefit from longer incubation periods (Ricklefs & 

Brawn 2013). Further, we expected that incubation strategy would be correlated to 

constancy (Ricklefs 1993), but we find no such relationship. The lack of correlation 

between constancy and incubation type is potentially influenced by the composition of 

our species sample; only four of 18 species had bi-parental incubation. Although we 

found no significant statistical difference in constancy of bi-parental versus uni-

parental incubators, visual inspection of data show a generally higher constancy with 

species that engage in bi-parental incubation. 

 Nest survival rate was not correlated to adult constancy during incubation, 

which suggests that adults are not adjusting their attendance to account for higher 

predation pressure at our tropical study site. A predominant hypothesis addressing the 

latitudinal difference in reproductive strategies suggests that adults minimize 
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attendance to reduce nest predation (i.e., the predation paradox, Martin 2004). On this 

basis, a regional difference in constancy would be expected, with temperate birds 

being more constantly attentive due to the lower predation rate. We find no such 

relationship between constancy and SR in the species we studied. Furthermore, despite 

differences in daylength between Panama and Michigan, region did not sufficiently 

explain daytime attendance patterns; however, we had a low temperate sample size 

(n=5), which may have influenced this result. Our results could differ from previous 

studies because of differences in the taxonomic composition of our study species as 

well as real geographic differences in behavior and life history traits of lowland 

tropical species compared to published data from subtropical and montane tropical 

bird species. 

 In summary, we found that constancy varied with relative egg mass and a 

complex of correlated traits (adult mass, egg mass, and BMR). In birds from two 

regions, relative egg mass was consistently the most significant variables in our 

models. The correlation between constancy and relative egg mass suggests similarities 

in parental investment strategy across regions favoring either small relative eggs and 

high constancy or large eggs and low constancy. Yet constancy is unrelated to the 

duration of incubation or nest predation rate, meaning adult constancy likely does not 

influence incubation length or consistently affect nest survival rate.  

 

ACKNOWLEDGEMENTS: 

Funding for this project was provided by the National Science Foundation #0212587. 

We are grateful to Smithsonian Tropical Research Institute (Panama) and Kellogg 

Biological Station (Michigan State University) for allowing us to conduct research at 

their facilities and for providing logistical support. We appreciate assistance in the 

field or with video transcription from: Ruby Zambrano, Betzi L. Perez, Neil Chartier, 

Jennifer Bruce, Jessica Adkins, Lisa Miller, Noah Strycker, David Bradley, Rebecca 

Gamboa, Jasmine Graves, and Adam Kotaich. Special thanks to Tara R. Robinson for 

help in initial planning and data collection.  



23 
 

 

LITERATURE CITED: 

Booth, D.T., Thompson, M.B. & Herring, S. (2000) How incubation temperature 
influences the physiology and growth of embryonic lizards. Journal of 
Comparative Physiology B, 170, 269-276. 

Brawn, J.D., Angehr, G., Davros, N., Robinson, W.D., Styrsky, J.N. & Tarwater, C. 
(2011) Sources of variation in the nesting success of understory tropical birds. 
Journal of Avian Biology, 42, 61-68. 

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel Inference: 
A Practical Information-Theoretic Approach (2nd ed.). Springer-Verlag, New 
York. 

Chalfoun, A. & Martin, T.E. (2007) Latitudinal variation in avian incubation 
attentiveness and a test of the food limitation hypothesis. Animal Behavior, 73, 
579-585. 

Christensen, V. (1995) Factors affecting hatchability of turkey embryos. Poultry and 
Avian Biology Reviews, 6, 71-82. 

Cockburn, A. (2006) Prevalence of different modes of parental care in birds. 
Proceedings of the Royal Society B, 273, 1375–1383 

Colvin, W.R. (2002) Genetic selection for avian embryo development at an elevated 
temperature. Thesis dissertation, Oregon State University. 

Deeming, D.C. (2002) Avian incubation: behaviour, environment and evolution. 
Oxford University Press. 

Dunning, J. (2008) CRC Handbook of Avian Body Masses. CRC Press, Boca Raton, 
Florida. 

Feast, M., Noble, R.C., Speake, B. & Ferguson, M. (1998) The effect of temporary 
reductions in incubation temperature on growth characteristics and lipid 
utilisation in the chick embryo. Journal of Anatomy, 193, 383-390. 

Hau, M., Ricklefs, R.E., Wikelski, M., Lee, K.A. & Brawn, J.D. (2010) 
Corticosterone, testosterone and life-history strategies of birds. Proceedings of 
the Royal Society of London, Series B: Biological Sciences, 277, 3203-3212. 

Lack, D. (1968) Ecological adaptations for breeding in birds. Methuen and Co, Ltd, 
London. 



24 
 

 

Landauer, W. (1967) The Hatchability of Chicken Eggs an Influenced by Environment 
and Heredity Monograph 1 (Revised). Conn. Agric. Exp. Sta. 

 
Martin, T.E. (2002) A new view of avian life-history evolution tested on an incubation 

paradox. Proceedings of the Royal Society B: Biological Sciences, 269, 309-
316. 

Martin, T.E. (2004) Avian life-history evolution has an eminent past: Does it have a 
bright future? Auk, 121, 289-301. 

Martin, T.E. (2008) Egg size variation among tropical and temperate songbirds: An 
embryonic temperature hypothesis. Proceedings of the National Academy of 
Sciences, 105, 9268-9271. 

Martin, T.E., Auer, S.K., Bassar, R.D., Niklison, A.M. & Lloyd, P. (2007) Geographic 
variation in avian incubation periods and parental influences on embryonic 
temperature. Evolution, 61, 2558-2569. 

Mayfield, H. (1961) Nesting success calculated from exposure. Wilson Bulletin, 73, 
255-261. 

Mayfield, H. (1975) Suggestions for calculating nest success. Wilson Bulletin, 87, 
456-466. 

McCune, B. & Grace, J.B. (2002) Analysis of ecological communities. MjM Software 
Design, Gleneden Beach, Oregon. 

Moreau, R. (1944) Clutch-size: A comparative study with special reference to African 
birds. Ibis, 86, 286-347. 

Olson, C.R., Vleck, C.M. & Adams, D.C. (2008) Decoupling morphological 
development from growth in periodically cooled zebra finch embryos. Journal 
of Morphology, 269, 875-883. 

Olson, C.R., Vleck, C.M. & Vleck, D. (2006) Periodic cooling of bird eggs reduces 
embryonic growth efficiency. Physiol. Biochem. Zool., 79, 927-936. 

Peck, J.E. (2010) Multivariate analysis for community ecologists: step-by-step using 
PC-ORD. MjM Software Design, Gleneden Beach, Oregon. 

Rahn, H., Sotherland, P. & Paganelli, C.V. (1985) Interrelationships between egg 
mass and adult body mass and metabolism among passerine birds. Journal of 
Ornithology, 126, 263-271. 



25 
 

 

Ricklefs, R.E. (1969a) An analysis of nesting mortality in birds. Smithsonian 
Contributions to Zoology, 9, 1-48. 

Ricklefs, R.E. (1969b) The nesting cycle of songbirds in tropical and temperate 
regions. Living Bird, 8, 165-175. 

Ricklefs, R.E. (1976) Growth rates of birds in the humid New World tropics. Ibis, 118, 
179-207. 

Ricklefs, R.E. (1987) Comparative analysis of avian embryonic growth. J Exp Zool 
Suppl, 1, 309-323. 

Ricklefs, R.E. (1993) Sibling competition, hatching asynchrony, incubation period, 
and lifespan in altricial birds. Current Ornithology, 11, 199-276. 

Ricklefs, R.E. (2000) Density dependence, evolutionary optimization, and the 
diversification of avian life histories. The Condor, 102, 9-22. 

Ricklefs, R.E. & Brawn, J.D. (2013) Nest attentiveness in several Neotropical 
suboscine passerine birds with long incubation periods. Journal of 
Ornithology, 154, 145-154. 

Ricklefs, R.E. & Starck, J.M. (1998) Embryonic growth and development. Avian 
Growth and Development: Evolution within the altricial-precocial spectrum 
(eds J.M. Starck & R.E. Ricklefs), pp. 31-58. Oxford University Press, Oxford. 

Robinson, W.D., Austin, S.H., Robinson, T.R. & Ricklefs, R.E. (in review) Constant 
incubation does not accelerate embryonic development in a sample of 
Neotropical passerine birds. 

Robinson, W.D., Robinson, T.R., Robinson, S.K. & Brawn, J.D. (2000) Nesting 
success of understory forest birds in central Panama. Journal of Avian Biology, 
31, 151-164. 

Robinson, W.D. & Rompré, G. (2008) Predation, nest attendance, and long incubation 
periods of two neotropical antbirds. Ecotropica, 14, 81-87. 

Robinson, W.D., Styrsky, J.D., Payne, B.J., Harper, R.G. & Thompson, C.F. (2008) 
Why are incubation periods longer in the tropics? A common-garden 
experiment with house wrens reveals it is all in the egg. Am. Nat., 171, 532-
535. 

Roff, D.A. (1992) The evolution of life histories. Chapman and Hall, New York. 



26 
 

 

Romanoff, A.L. (1935) Influence of incubation temperature on the hatchability of 
eggs, post-natal growth and survival of turkeys. The Journal of Agricultural 
Science, 25, 318-325. 

Rompré, G. & Robinson, W.D. (2008) Predation, nest attendance, and long incubation 
periods of two neotropical antbirds. Ecotropica, 14, 81-87. 

Schwabl, H.G., Palacios, M. & Martin, T.E. (2007) Selection for rapid embryo 
development correlates with embryo exposure to maternal androgens among 
passerine birds. Am. Nat., 170, 196-206. 

Skutch, A.F. (1949) Do tropical birds rear as many young as they can nourish. Ibis, 
91, 430-455. 

Skutch, A.F. (1957) The incubation patterns of birds. Ibis, 99, 69-93. 

Skutch, A.F. (1962) The constancy of incubation. Wilson Bulletin, 74, 115-152. 

Skutch, A.F. (1985) Clutch size, nesting success, and predation on nests of 
Neotropical birds, reviewed. Ornithological Monographs, 36, 575-594. 

Thomson, D., Monaghan, P. & Furness, R.W. (1998) The demands of incubation and 
avian clutch size. Biol Rev, 73, 293-304. 

Tieleman, B.I., Dijkstra, T.H., Lasky, J.R., Mauck, R.A., Visser, G.H. & Williams, 
J.B. (2006) Physiological and behavioural correlates of life-history variation: a 
comparison between tropical and temperate zone House Wrens. Functional 
Ecology, 20, 491-499. 

Tieleman, B.I., Williams, J.B. & Ricklefs, R.E. (2004) Nest attentiveness and egg 
temperature do not explain the variation in incubation periods in tropical birds. 
Ecology, 18, 571-577. 

Tinbergen, J.M. & Williams, J.B. (2002) Energetics of incubation. Avian Incubation: 
Behavior, Environment, and Evolution (ed. D.C. Deeming), pp. 299-313. 
Oxford University  Press, Oxford. 

Vleck, C.M. & Vleck, D. (1996) Embryonic Energetics. Avian Energetics and 
Nutritional Ecology (ed. C. Carey). Chapman and Hall, New York. 

White, C.R., Blackburn, T.M., Martin, G.R. & Butler, P.J. (2007) Basal metabolic rate 
of birds is associated with habitat temperature and precipitation, not primary 
productivity. Proceedings: Biological Sciences, 274, 287-293. 



27 
 

 

White, F. & Kinney, J. (1974) Avian incubation. Science, 186, 107-115. 

Whittow, G. (1980) Physiological and ecological correlates of prolonged incubation in 
seabirds. American Zoologist, 20, 427-436. 

Wiebe, K.L. & Martin, K. (1997) Effects of predation, body condition and temperature 
on incubation rhythms of White-tailed Ptarmigan Lagopus leucurus. Wildlife 
Biology, 3, 219-227. 

Wiersma, P., Muñoz-Garcia, A., Walker, A. & Williams, J.B. (2007) Tropical birds 
have a slow pace of life. Proceedings of the National Academy of Sciences, 
104, 9340-9345. 

Williams, J.B. (2002) Energetics of avian incubation. Avian Nutrition and Energetics 
(ed. C. Carey), pp. 375-413. 

Williams, J.B., Miller, R.A., Harper, J.M. & Wiersma, P. (2010) Functional Linkages 
for the Pace of Life, Life-history, and Environment in Birds. Integrative and 
Comparative Biology, 50, 855-868. 

Windsor , D.M. (1990) Climate and Moisture Variability in a Tropical Forest: Long-
term Records from Barro Colorado Island, Panama. Washington, DC. 

Yalcin, S., Bagdatlioglu, N., Yenisey, C., Siegel, P.B., Özkan, S. & Aksit, M. (2012) 
Effect of manipulation of incubation temperature on fatty acid profiles and 
antioxidant enzyme activities in meat-type chicken embryos. Poultry Sci, 91, 
3260-3270. 



28 
 

 

Table 1: Summary statistics (mean ± standard deviation, SD) of adult constancy of incubation analysis response and explanatory variables used in NMS and model 

averaging [Region=MI (Michigan) and PTY (Panama)]. 

Constancy Clutch size Egg mass Incubation 
period Clutch mass Egg S 

Species Code Region Inc 
type 

n day 
est. 

total 
est. SD n est. SD n est. SD n est. SD n est. SD n est. 

BMR 
Adult 
mass 

 

Carduelis tristis amgo MI uni 19 0.97 0.98 0.21 14 5.5 0.52 78 1.4 0.2 1 12.0  14 7.9 1.1 15 0.815 0.332 12.81 

Turdu migratorius amro MI uni 22 0.86 0.91 0.22 141 4.0 0.85 148 6.0 0.8 19 12.0 0.7 47 19.3 6.7 184 0.343 0.762 78.11 

Thraupis episcopus bgta PTY uni 13 0.49 0.73 0.30 59 2.0 0.62 50 3.0 0.4 6 13.0 0.4 24 6.5 1.6 89 0.399 0.420 33.02 

Arremonops conirostris bssp PTY uni 12 1.00 1.00 0.49 18 2.0 0.50 10 4.5 0.4 1 14.0  6 8.7 2.6 18 0.586 0.452 39.43 

Ramphocelus 
dimidiatus cbta PTY uni 20 0.73 0.86 0.09 106 2.0 0.42 91 3.3 0.4 13 12.0 0.6 50 6.2 1.4 122 0.526 0.368 28.01 

Turdus grayi ccro PTY uni 31 0.78 0.88 0.23 206 3.0 0.69 201 5.8 0.7 18 12.0 0.6 88 15.6 5.7 284 0.531 0.678 74.43 

Spizella passerina chsp MI uni 14 0.75 0.84 0.27 32 3.0 0.92 79 1.6 0.2 3 11.0 0.6 24 4.7 1.8 47 0.390  12.61 

Todirostrum cinereum ctfc PTY uni 29 0.47 0.72 0.25 107 3.0 0.61 155 1.1 0.2 10 18.0 0.8 68 2.5 1.0 164 0.516 0.170 7.33 

Dumetella carolinensis grca MI uni 21 0.72 0.82 0.28 57 3.0 0.89 108 3.7 0.4 16 13.0 0.5 32 12.6 4.2 69 0.522  35.71 

Zenaida macroura modo MI bi 16 0.99 0.99 0.50 39 2.0 0.35 23 6.3 0.9 1 14.0  12 12.1 3.9 48 0.486 0.785 121.73 

Cardinalis cardinalis noca MI uni 20 0.75 0.84 0.36 54 2.0 0.72 56 4.3 0.4 5 13.0 0.7 22 9.3 5.3 65 0.420 0.528 42.71 
Columbina talpacoti rugd PTY bi 24 1.00 1.00 0.37 80 2.0 0.27 60 3.2 0.4 3 12.0 0.6 37 6.0 1.6 94 0.523 0.413 39.23 

Troglodytes aedon shwr PTY uni 22 0.57 0.78 0.21 37 4.0 0.61 70 1.8 0.2 6 14.7 0.8 19 6.9 1.2 61 0.772 0.212 13.33 

Euphonia laniirostris tbeu PTY uni 14 0.67 0.82 0.27 77 4.0 0.91 111 1.4 0.1 12 15.0 0.9 38 5.0 2.0 108 0.591 0.294 13.43 

Sporophila corvina vase PTY uni 22 0.65 0.81 0.21 53 2.0 0.55 50 1.6 0.2 5 12.0 1.5 23 3.4 0.9 63 0.508 0.196 9.93 

Myrmeciza longipes whab PTY bi 19 0.78 0.89 0.38 43 2.0 0.21 43 3.6 0.3 6 14.5 0.6 24 7.1 1.5 46 0.342 0.325 29.71,3 

1Hau et al. (2010), 2Dunning (2008), and 3Wiersma et al. (2007) 
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Table 2: Mean constancy (±standard deviation) of species incubation constancy by 

age categories (≤6d or >6d). Chi-squared and p-values from Kruskal-Wallis 

non-parametric ANOVAs comparing age categories.  

Eggs≤6d Eggs>6d 
Kruskal 
Wallis 

Species code n E_LE6 
St  

Dev n E_G6 
St 

Dev 
Chi- 
Sq 

p- 
value 

American goldfinch amgo 12 0.98 0.11 6 0.88 0.32 1.7 0.188 
Carduelis tristis                   
American robin amro 11 0.88 0.19 9 0.78 0.19 0.4 0.518 
Turdus migratorius                   
blue-gray tanager bgta 5 0.46 0.27 5 0.56 0.31 0.3 0.602 
Thraupis episcopus                   
black-striped sparrow bssp 4 1.00 0.04 6 1.00 0.04 0.0 0.850 
Arremonops conirostris                   
crimson-backed tanager cbta 12 0.74 0.09 6 0.72 0.12 0.3 0.574 
Ramphocelus 

dimidiatus                   
clay-colored robin ccro 20 0.75 0.15 8 0.79 0.12 0.2 0.629 
Turdus grayi                   
chipping sparrow chsp 7 0.77 0.11 6 0.66 0.26 0.0 0.886 
Spizella passerina                   
common tody-

flycatcher ctfc 18 0.41 0.24 6 0.44 0.14 0.0 0.861 
Todirostrum cinereum                 
gray catbird grca 11 0.72 0.35 9 0.74 0.14 0.7 0.414 
Dumetella carolinensis                   
mourning dove modo 5 1.00 0.55 7 0.97 0.50 0.0 0.860 
Zenaida macroura                   
northern cardinal noca 10 0.79 0.38 7 0.70 0.37 3.4 0.064 
Cardinalis cardinalis                   
ruddy ground-dove rugd 12 0.93 0.48 8 1.00 0.13 1.8 0.177 
Columbina talpacoti                   
southern house wren shwr 12 0.54 0.22 10 0.62 0.20 1.4 0.235 
Troglodytes aedon 

musculus                   
thick-billed euphonia tbeu 8 0.65 0.34 5 0.68 0.20 0.0 1.000 
Euphonia laniirostris                   
variable seedeater vase 15 0.68 0.13 6 0.83 0.13 7.0 0.008 
Sporophila americana                   
white-bellied antbird whab 8 0.88 0.43 7 0.62 0.34 4.9 0.027 
 Myrmeciza longipes                   
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Figure 1: Scatter plot of daytime constancy by total constancy (coded by region, 

Michigan=open circle, Panama=closed circle) 
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Figure 2: Scatter plots of daytime constancy by explanatory variables [adult mass (g), egg mass (g), clutch mass (g), SR, 

incubation period (d), clutch (#), BMR, relative egg mass and relative clutch mass]. All variables represent raw estimates 

and include outliers. 
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Figure 3: NMS 2-dimensional scatterplots of axis 1-2 for daytime constancy, adult 

mass, egg mass, BMR, incubation period, clutch size, SR, and incubation type. Lines 

indicate traits. Points are relavitized by trait and coded by region (Michigan=closed 

circles and Panama=open circles). Species codes can be found in Table 1. 
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Figure 4: Scatter plot of relative egg mass and basal metabolic rate (BMR). Data, regression equation, and R2 values are from 

untransformed data. 
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ABSTRACT: 

 Birds that are exposed to high rates of predation may alter their 

behavior at the nest to reduce detection from visual predators. Tropical songbirds 

that are generally exposed to higher predation rates are expected to have lower 

visitation rates and invest less in individual clutches than temperate species. We 

sought to determine how adult visitation rate (trips/hr) during the incubation or 

nestling stages was influenced by nest predation, latitude, clutch size, adult 

response to human intrusion, incubation or parental care strategy, adult mass, and 

nest type. Following the Skutch hypothesis (1949), we predicted that adult 

activity would be lower when predation rates were high. While we found support 

for the Skutch hypothesis, in that birds with higher nest success also had higher 

visitation rates regardless of stage, there was evidence of a more complex 

relationship between visitation rate, behavior and life history variables. We found 

a consistent pattern of correlation between visitation rate and adult response to 

human intrusion. Birds that were consistently off of the nest, yet in the nest area, 

when the human observer approached the nest had the highest rates of nest 

visitation while those that stayed on the nest until the human observer was in 

close proximity to the nest site had lower visitation rates. Visitation rate was also 

higher in species with bi-parental versus uni-parental incubation. Passerines had 

higher visitation rates, regardless of stage, than doves. Additionally, while region 

was not significantly related to visitation rate, when we analyzed them separately 

incubation visitation rate was negatively correlated to adult mass in temperate 

species while tropical species were more correlated to nest success, behavioral 

response to human intrusion and incubation type. Birds with higher visitation 

rates also tended to behave more conspicuously at the nest site yet behavior does 

not appear to be significantly related to nest predation rate. This suggests that 

parents may be engaging in different behavioral strategies at the nest site to 

reduce predation risk.  

INTRODUCTION: 

 Avian life-histories vary along a latitudinal gradient (Ricklefs & 
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Wikelski 2002). These groups of co-occurring life-history traits form species' 

pace-of-life, which vary with environmental selective pressures. In passerines, 

pace-of-life ranges from a relatively fast pace at higher latitudes to a slower pace 

at lower latitudes (Ricklefs & Wikelski 2002). This gradient reflects trade-offs 

between reproduction and survival, which is associated with co-variation in 

assemblages of traits that form the basis for life-history syndromes and pace of 

life differences (Williams 1966). Generally, selection favors higher adult survival 

in tropical birds and increased reproduction in temperate species. Tropical birds 

with a slow pace of life typically have smaller clutch sizes (Moreau 1944), longer 

incubation periods (Ricklefs 1969b), slower nestling growth rates (Ricklefs 

1976), but higher annual adult survival rates (Karr et al. 1990; Johnston et al. 

1997). Likewise parental care is thought to differ by latitude with tropical birds 

providing lower diurnal constancy and (per offspring) feeding rates than 

temperate birds (Martin et al. 2011), but consensus on latitudinal differences in 

parental attendance patterns is lacking (Ricklefs 1993; Tieleman et al. 2004; 

Ricklefs & Brawn 2013).  

 Adult attendance may be influenced by nest predation rate. Tropical 

birds are exposed to higher rates of nest predation than temperate species, though 

overlap does occur (Ricklefs 1969a; Robinson et al. 2000b). One hypothesis 

suggests that birds under higher predation pressure will attempt to mitigate 

energetic costs of depredated nests by decreasing investment in each reproductive 

attempt thereby producing smaller clutches that are more readily replaced (Skutch 

1949). Parents may also alter their attendance if nests are subject to high 

predation rates in order to decrease detection by visual predators, which results in 

fewer trips to the nest (Ghalambor & Martin 2001). Thus, birds exposed to high 

predation rates should have smaller clutches and lower nest visitation rates.  

 Adults may display differences in defense behavior in response to 

perceived predation risk (Ghalambor & Martin 2001; Martin 2002). Ricklefs 

(1977) suggested that reactions of Panamanian birds to human intruders were 

more subdued than that of temperate birds. In his study of tropical parental 

responses, individuals with a more vigorous response behavior had larger clutch 
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sizes and more conspicuous nests (Ricklefs 1977). Parents that are highly 

invested in a given reproductive event are more likely to mount a vigorous 

defense against a perceived threat than individuals attempting to minimize their 

own survival threat that will behave less conspicuously (Ghalambor & Martin 

2001). While some adults may attempt to remain inconspicuous at the nest site to 

reduce nest predation risk, parents may influence nest survival positively by 

actively defending the nest site (Halupka & Greeney 2009). Thus, some species 

may adopt a behavioral strategy of conspicuous nest defense while others may be 

less conspicuous (Halupka & Greeney 2009). These parental attendance strategies 

may be correlated to a species' life history. 

 Other factors may contribute to the number of trips that parents make 

to the nest. For instance, the strategy of incubation or nestling care (uni versus bi) 

that is employed may influence the number of times adults come to the nest. 

Birds with uni-parental care likely have lower overall attendance (i.e., constancy 

during incubation and feeding rate during chick-rearing) because they must 

balance self-maintenance with parental investment (Ricklefs 1993). As Ricklefs' 

(1977) results suggest, the strength of parental response to a human intruder may 

be correlated to the type and conspicuousness of the nest. The type of nest 

utilized (open-cup, enclosed-cup, or cavity) is also associated with nest survival 

rates (Ricklefs 1969a; Robinson et al. 2000b). Birds with cavity and enclosed-cup 

nests typically have lower nest predation rates, which suggests that these birds 

may make more trips to the nest as their nests are less accessible to predators 

(Ricklefs 1969a; Robinson et al. 2000b). While sex differences in parental care 

and nest defense are well-documented (Kluijver 1950; Royama 1966; Lessells et 

al. 1998), we will limit our focus to interspecific differences in order to address 

general patterns and influences of nest visitation rate.   

We sought to determine how adult visitation rate (trips/hr) during the incubation 

or nestling period varied with cumulative nest success (S), latitude, clutch size, 

adult response to intrusion, incubation or parental care strategy, and nest type. We 

predicted that tropical birds with their lower clutch sizes and lower S would have 

lower visitation rates. Birds with female-only incubation and parental care and 
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open-cup nests will attempt to be less conspicuous at the nest; thus, visitation rate 

will be lower and adult response to observer weak.  

 

METHODS: 

 We conducted our research at the Kellogg Biological Station, Hickory 

Corners, Michigan (lat/long) and Smithsonian Tropical Research Institute, 

Gamboa, Republic of Panama (lat/long). During the breeding season, May to 

August (Michigan) and March to June (Panama), we conducted generalized nest 

searching and monitored nest boxes (Michigan only). Data are presented in Table 

1   

 

Visitation Rate (Trips/hr):  

 We conducted focal watches and nest recordings (Hi8 Sony 

Handycam) at both sites. Focal watches were typically 30 minutes and nest 

recordings were 2-hrs in length. When we conducted focal watches, we typically 

stayed at least 20m from the nest site, depending on density of undergrowth, and 

used binoculars to observe adult behavior. Whenever possible we attempted to 

minimize observer effects by using cameras placed several meters from the nests. 

Cameras and tripods were typically placed in unobtrusive locations several 

meters from the nest, and whenever possible, were camouflaged with both foliage 

and camouflage netting to further reduce bird response to the cameras.  

 For each focal or video observation, we counted the number of times 

adults visited the nest during the observation period. Visitation rate was estimated 

using trip number divided by the observation period, hr. We then pooled the data 

by stage and species. If sample size was small (n<4 or observation period<4hrs), 

we included literature values from similar geographic regions, if available. To 

determine if behavioral differences were present in our versus literature values, 

we conducted a mixed model regression of visitation rate (incubation or nestling) 

by data type. We found that there were differences between visitation rate during 

the incubation but not the nestling period (incubation F1,26=6.3, p=0.019; nestling 
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F1, 28=0.0, p=0.886). We suspect that differences in visitation rate in the 

incubation period may be related to differences in the observation period length 

(i.e., literature values usually were for longer periods of time) and variation 

caused by time of day when data were collected. Visitation rate, like constancy, 

likely varies with the time of day that the data were collected. We did not have 

sufficient data to control for this, which may explain why differences between our 

data and literature values are present. Additionally, our analysis was only utilized 

species that had both literature and original data. Generally, the species where we 

sought literature values to augment our own dataset tended to have low sample 

sizes, which may also account for some of the observed variation. Data with low 

sample sizes were generally pooled with available literature values.  

 

Clutch/Brood Size:  

 We individually marked eggs or nestlings as soon as they were 

detected in the nest. By marking eggs and nestlings, we could follow the fate of 

individual offspring and determine clutch and brood size. Clutch size is the total 

number of eggs laid in nests that had not been parasitized. Brood size is the total 

number of offspring observed in nests without brood parasites. When we were 

missing data for clutch size we included literature values. We did not include 

literature values for brood size as these data were less readily available.  

 In life history analyses, clutch size is often used as a surrogate for 

brood size because they are intrinsically related. These variables may differ due 

to egg losses caused, for example, by partial predation, brood parasitism, and 

infertile or damaged eggs. To determine if brood and clutch size differed 

statistically, we assessed their correlation statistics (R2, Pearson correlation 

coefficient). We found that the two variables were highly correlated (n=53, 

R2=0.88) and statistically redundant (est±SE=2.44±0.07; F1,51=156.0, p<0.0001; 

PROC MIXED, SAS v9.3). Consequently, we used clutch size in our analyses.  
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Adult Response to Observer:  

 Each time observers checked a nest we assessed parental response to the 

human observer. As observers walked toward each nest, they noted if the adult 

was on the nest, at approximately what distance from the observer that the bird 

departed the nest (hereafter, on-nest response; off nest, stays on nest, leaves at 

touch, and departs when observer 1-5m, >5m, or >10m away), the mode of 

locomotion the bird utilized (walk, hop, flies, attack), how far the birds stayed 

from the nest while the nest was being checked (hereafter, off-nest response; 

attacks observer, moves <5m away, moves>5m away, and disappears/unknown 

distance), and how the bird vocalized (silent, alarm, sings). If adults were already 

off the nest, only the latter two behavioral response variables were entered. All 

behavioral responses were input in the field as categorical variables. To simplify 

our analysis, we excluded locomotion and vocalization.  

 

Nest survival (S):  

 We monitored nests throughout the breeding cycle until they failed or 

fledged. Most nests were low enough that contents could be assessed directly by 

observers (sometimes with a ladder) or with the use of a mirror attached to a 

telescoping pole. We determined nest fate as ‘depredated’ if contents disappeared 

before nestlings were old enough to have fledged (based on hatch date and/or 

external development). If nestlings disappeared after they were old enough to 

fledge, we categorized nests as ‘fledge assumed’ unless fledglings were observed 

near the nest area during a 30-min focal watch of the nest area (‘fledge 

confirmed’). When fledglings were not directly observed, but adults were 

observed feeding or behaved defensively (alarming/attacking the observer) during 

the focal watch, fledging was also confirmed. If the nest was damaged and 

nestlings were old enough to have fledged, but were not observed during the focal 

watches, they were categorized as ‘unknown’ fate.  

 Following Mayfield (1961; 1975), we estimated exposure days from 

the first day the nest was found with contents to the day of failure or fledging.  If 

end date was not known, we estimated this value by using the middle value 
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between the last date the nest was known to have contents and the date when the 

nest was empty. Some nests could not be accessed to monitor contents accurately, 

typically due to nest height. For these nests, we used parental activity to assess 

the end date; thus, nests were deemed inactive when adults were no longer 

attending the nest for several consecutive nest visits or during focal watches/ nest 

recordings. We then used the last date that adults were observed at the nest site as 

the last active date. If we were not confident in our ability to assess fate or end 

date (as with abandoned nests), we deemed this information ‘unknown’. For 

several species, we used of cumulative nest survival, or if unavailable, a 

percentage of successful nests (Conway & Martin 2000; Robinson et al. 2000b). 

 

Adult mass:  

To account for any differences in behavior or metabolic rate that might be related 

to the size of the bird, we included adult mass. Most values came from the same 

study sites (Wiersma et al. 2007; Wiersma et al. 2007; Hau et al. 2010) but 

several were taken from Dunning (2008). 

 

Categorical variables:  

 We compiled data from our own observations or from the literature. 

Incubation type is defined as uni- when only one adult (typically the female) 

incubates or bi- if both parents participate in incubating the eggs. Similarly, 

parental care is classified as uni- or bi- based on whether one or both adults 

contribute to brooding and feeding nestlings. We defined nests as open-cup if 

they were scrapes, cup-shaped or platform nests. Enclosed nests are those woven 

by the birds with a roof and sides surrounding the cup. These are often hanging 

nests. Cavity nests include those that are found in natural (tree) or artificial 

cavities (includes artificial nest boxes). Based on taxonomic grouping, we 

assigned species to oscine passerines, suboscine passerines, or doves. This was 

used to assess if differences in visitation rate were present amongst the three 

major clades represented in our sample. 
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ANALYSIS: 

Summary Statistics:  

 We summarized all continuous traits using PROC UNIVARIATE in 

SAS (v. 9.1 and 9.3). We used mean or median values of species' traits (PROC 

UNIVARIATE; SAS 9.3) based on normality distributions. If we found a species' 

value to be non-normal (i.e., Shapiro-Wilks was significant, p<0.05)) or the 

sample size was ≤4, we used medians, otherwise we used means. 

 

	  Multivariate Statistics: 

 We conducted non-metric multidimensional scaling (NMS) to assist 

in visualizing species' patterns in life-history space. NMS is a multivariate 

analysis, which uses iterations based on ordination (McCune & Grace 2002; Peck 

2010). We used two matrices, traits and attributes: 1) traits (incubation/nestling 

visitation rate, on-nest behavior, off-nest behavior, clutch size, nest type and S) 

and 2) attributes (region, incubation type/parent type, taxonomic group). We used 

the "slow and thorough" setting in PC-ORD (v5.33), which uses random starting 

configurations to find the best fit (i.e., lowest stress and instability). Because trait 

estimates were scaled differently, we relavitized our data by column total 

(general), which is appropriate for our data as we're not interested in treating a 

trait's maximum value as the highest potential life-history value (McCune & 

Grace 2002; Peck 2010). We used Sørenson distances in NMS as this approach 

tends to be less sensitive to heterogeneity and to smaller datasets (McCune & 

Grace 2002; Peck 2010). We used plots to visualize our data, in particular to 

examine how species cluster and the directionality of the trait vectors (i.e., are 

there several traits that vary in a similar direction). Because Sørenson distances 

are based on proportionality, the variable range may still influence the weighting 

of the vector length despite transformation and relavitization of the data; thus, 

vector length should be assessed with caution (McCune & Grace 2002; Peck 

2010). Our primary interest in NMS is to view species and traits in life-history 
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ordination space. 

 

Model Selection and Averaging:  
 To assess trait correlations, we conducted model selection in multiple 

linear regression (PROC GLMSELECT, SAS v9.3). Following Burnham and 

Anderson (2002), we conducted bootstrapping of the models to select the model 

with the strongest weight (ModelAverage, selection=stepwise, nsample=10,000 

iterations).  

 We conducted multiple linear regressions and model selection on 

incubation and nestling visitation rate, on-nest behavior, off-nest behavior, clutch 

size, S, region, nest type, incubation type or parent type, and taxonomic indicator 

(oscine, suboscine, or dove). We checked that data were normally distributed and 

that variables were not multicollinear (VIF≥10; r-sq≥0.7). If data were non-

normal, we transformed them using the natural log. 

 To simplify interpretation of top models, we conducted model 

averaging (PROC GLMSELECT, SAS v9.3). We bootstrapped models (10,000 

iterations) allowing for only the model with highest frequency score (πi) to be 

used (Subset(best=1)). This represents the model with the best fit. 

 

RESULTS: 

NMS:  
Incubation visitation rate:  

 The NMS results suggested that a 2-dimensional model was most 

appropriate for this data (final stress=14.5, final instability <0.0001). The first 

and second axes explained much of the variation in our data (cumulative r-

squared value=0.90, Axis 1=0.14, Axis 2=0.76). The orthogonality (out of 100) 

of the axis pair was 94.0% with an r-squared value of -0.25 (Figure 1).  

 

Nestling visitation rate:  
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 The final stress of the model was 9.19 (final instability <0.0001 and 

indicated that a 3-D model suited this dataset (Figure 2). The cumulative r-

squared value for the 3 axes was 0.94 (Axis 1=0.25, Axis 2=0.61, Axis 3=0.09). 

Orthogonality (out of 100) of axis 1 vs. 2=86.7 (r=-0.36), 1 vs. 3=90.9 (r=-0.30), 

and 2 vs. 3=87.3 (r=0.36). 

 

All traits:  

 To explore how all traits might co-vary, we combined all variables 

from incubation and nestling visitation rates (Figure 3). The final stress of the 

model was 9.74 (final instability<0.00001) for a 3-D model. The cumulative r-

squared value for the 3 axes was 0.93 (Axis 1=0.22, Axis 2=0.49, Axis 3=0.22). 

Orthogonality (out of 100) of axis 1 vs. 2=96.9 (r=0.18), 1 vs. 3=98.8 (r=0.11), 

and 2 vs. 3=97.3 (r=0.16). 

 

Regression and Model Averaging:  
 We conducted model averaging to determine the variables that 

occurred most frequently and had the most weight (PROC GLMSELECT, 

experimental). Results for all models are presented in Table 2. 

 

General models:  

 As predicted, we found visitation rate was positively correlated to 

nest success in all of our general models. Contrary to our original hypothesis, we 

did not find regional differences in visitation rate nor was clutch size consistently 

related to visitation rate. While nest success tended to be higher in birds from 

temperate latitudes (temperate= 0.54±0.04, tropical 0.43±0.04), the effect was not 

significant (F1,43=2.9, p=0.095). The lack of significance in nest success may be 

related to spatial or temporal variation that is muting the expected geographic 

pattern (Robinson et al. 2000b; Brawn et al. 2011). Similarly, we did not find a 

correlation between visitation rates and nest type in any of our models. Nest 

success was related to nest type (F2, 42=10.6, p<0.001; open-cup=0.41±0.03, 

enclosed=0.50±0.09, cavity=0.77±0.07), which may indicate that nest survival 
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has accounted for visitation rate differences present among the different nest 

types (incubation trip rate: nest type F2, 38=3.2, p=0.052; nestling visitation rate: 

F2, 40=5.1, p=0.011). Nest success was significantly different between open-cup 

and cavity nesting species (least squares means est.=0.36±0.08, p<0.001), and 

cavity and enclosed nests (least squares means est.=0.28±0.11, p=0.016), but not 

cup and enclosed nesting species (least squares means est.=-0.08±0.09, p=0.359).  

 Generally, we found that nest visitation rate was consistently related 

to nest success and on-nest behavior. Incubation visitation rate was also related to 

taxonomic group, and incubation type, though the latter effect was not significant 

until outliers were removed. Doves had lower visitation rates than oscine 

passerines while oscines and suboscines had similar visitation rates. Birds with 

bi-parental care tended to make fewer trips to the nest than those with uni-

parental incubation. This is counter to what we had anticipated and may have 

been driven by the two dove species (median=0.49 hr-1) and tropical antbirds 

(median=0.97 hr-1) which had significantly lower visitation rates than the bi-

parentally incubated house sparrows (4.99 hr-1) or uni-parentally incubated 

species (median=1.98 hr-1). Incubation visitation rates tended to be lower in birds 

that left when the human observer was further away (>5m) than those that were 

off the nest or left at shorter distances (touch and 1-2m) though significance 

levels varied. Nestling visitation rate was positively related to nest success and 

negatively related to adult mass. Thus, lower visitation rates were related to lower 

nest success and larger adult mass. Nestling visitation rates were also related to 

on-nest behavior with birds that were off the nest at approach having higher 

visitation rates (5.23±0.15) than birds that left when the observer either touched 

the nest (1.41±0.23) or at 1-2m (2.67±0.21). This may suggest that higher 

visitation rate was associated with more inconspicuous departures by the adults. 

We did not find a difference in nestling visitation rate between birds with uni-

parental versus bi-parental care, but as there were only two species with uni-

parental care (red-capped and golden collared manakins) we likely had 

insufficient data to detect visitation rate differences for this parental strategy.  
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 Because there were several possible outliers (studentized 

residuals≥|2|), we re-ran the model average without the following species: for 

incubation visitation rate, house sparrow, black-striped sparrow, and lesser 

elaenia, and for nestling visitation rate, American goldfinch, mourning dove, 

western slaty-antshrike, barred antshrike and thick-billed euphonia.  The average 

model for incubation trip rate included off-nest behavior, nest success, on-nest 

behavior, taxonomic group, and without outliers, nest success, on-nest behavior, 

incubation type and taxonomic group. Nestling trip rate correlated to nest success, 

adult mass, on-nest behavior and taxonomic group. When outliers were excluded, 

the model remained the same except that taxonomic group was replaced by clutch 

size. Here clutch/brood size increased with nestling visitation rate in models 

where high leverage species were removed, but otherwise, all other variables had 

similar responses as previously discussed. 

 To determine if nest survival rate might be correlated to visitation rate 

differently for open-cup nesting species, we excluded enclosed and cavity-nesting 

species and re-ran our model averages. We were particularly interested in open-

cup nesting species because they are more likely to be influenced by nest success 

than the relatively safer cavity or enclosed nests (Robinson et al. 2000b); thus, we 

might expect open-cup nesting species to be more inconspicuous at the nest site 

than cavity or enclosed nesting species. Ideally, we would have preferred to 

address each nest type individually, but small sample sizes for cavity and 

enclosed-nesting species precluded separate analyses of nest visitation rates for 

these groups. Incubation visitation rate in open-cup nesting species was related to 

nest success, incubation type, and taxonomic group, and when outliers were 

excluded, both behavior variables (on-nest and off-nest) and adult mass were 

added to the model. Nestling visitation rate was correlated to: nest success, on-

nest behavior, and taxonomic group, and when outliers were removed, the 

following variables were added to model average: clutch size, adult mass, and 

off-nest behavior. Visitation rate increased with clutch size and predation rate, but 

decreased with adult mass. Birds that were already off of the nest upon arrival of 

the human observer had higher visitation rates that those that left at touch or 1-
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2m. Similarly, birds that tended to disappear from the nest area following human 

disturbance had higher visitation rates than those that remained in the area 

(attacks, moves <5m or >5m). These similar relationships among on-nest or off-

nest behaviors may suggest different strategies in parental strategy. Birds that are 

off of the nest at human approach (i.e., on-nest behavior) may detect human 

intrusion well in advance of the intruder's approach to the nest, which suggests a 

choice by the adults to stay in the nest area. This result corresponds to a higher 

visitation rate, which suggests that visibility at the nest site may somehow co-

vary with higher nest success. Meanwhile, off-nest behavior was not included in 

any models that included enclosed or cavity nesting species, and may represent an 

interesting difference in adult behavioral response. Birds that do not move until 

the nest is nearly touched may be attempting to remain as inconspicuous as 

possible by reducing both their visitation rate and their response to a perceived 

predation risk.  

 

Regional models: 

 While region didn't sufficiently explain variation in visitation rate in 

our general models, we were interested in whether there was variation in trait 

correlation depending on latitude. When we analyzed temperate species 

separately from tropical birds, we found distinct differences in life-history and 

behavioral correlates with visitation rate for each nesting stage. 

 

Temperate:  

 In temperate birds, incubation visitation rate was negatively 

correlated to adult mass. Thus, larger birds had lower incubation visitation rates. 

Nestling visitation rates in temperate birds were correlated to nest success, clutch 

size, on-nest behavior and adult mass. Nestling visitation rate increased with nest 

success. Also, temperate birds with larger clutches had higher visitation rates 

during the nestling period and birds that were off the nest when the nest was 

approached by the human observer had the highest rate of visitation.    
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Tropics:  

 In tropical birds visitation rate was related to nest success, on-nest 

behavior and incubation type. As in the general model, incubation type was lower 

in birds with bi-parental incubation. (1.54±0.17).  Incubation visitation rates were 

higher in birds that were either off of the nest or left at 1-2m following human 

approach to the nest. Due to the undergrowth around nest sites, observers may 

have been more likely to detect adults that left the nest at shorter distances to the 

observer; thus, birds that departed at greater distances may have simply fallen 

more frequently into the 'off nest' category. For nestling visitation rate, nest 

success and taxonomic group were related to birds in the tropics; however, when 

outliers were excluded, visitation rate was related to nest success, adult mass and 

on-nest behavior. As before, birds that were off the nest when the observer 

approached the nest had higher visitation rates. Passerines visited at higher rates 

to doves and larger birds had lower visitation rates.  

 

DISCUSSION: 

 In our sample of 41 (incubation visitation rate) and 43 (nestling 

visitation rate) species, nest predation rate was associated with nest visitation rate 

in both the incubation and nestling stages. We did not, however, find a regional 

difference in visitation rates. While region was not correlated to visitation rate, 

variation in other variables within our models may be explained by latitudinal 

variation. For instance, bi-parental incubation tended to occur in a greater number 

of our tropical species, which may have resulted in a generally lower visitation 

rate amongst this group compared to the uni-parental incubators. In models that 

assessed all species, adult mass was only included as a variable in models with 

nestling visitation rate and it was the only variable included in models of 

incubation visitation rate when temperate species were analyzed separately. This 

suggests that selection may be acting differently in temperate versus tropical 

birds. Thus, in comparative analyses, it may be best to assess each geographic 

area separately in addition to the general models to determine what factors might 
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be influencing life history evolution in each region. 

 While we found support for the Skutch hypothesis (1949) in that nest 

success was related to higher visitation rates during both incubation and nestling 

periods, it's not clear that the behavioral response to perceived predation risk (i.e., 

on and off-nest behavior) follows the expected pattern. The Skutch hypothesis 

suggests that birds attempt to ameliorate high nest predation rate by decreasing 

activity at the nest site, which in turn, is correlated to clutch size (Skutch 1949; 

Skutch 1985). The latitudinal gradient in clutch size (Moreau 1944) is thought to 

be caused by higher nest predation rates (Skutch 1949; Martin et al. 2000), with 

females in high predation environments attempting to mitigate energetic costs 

from depredated clutches by producing smaller clutches (Skutch 1949; Martin et 

al. 2000). As such, we predicted that nest visitation rate would decrease as 

predation rate increased. Thus, birds that have high visitation rates and higher 

nest success should be more conspicuous at the nest site than those that have 

lower visitation rates. While the correlation between nest success and visitation 

rate is in the expected direction, our behavioral result is less clear. The NMS plots 

suggest that visitation rate co-varies with nest type, nest success and clutch size 

(Figures 1-3). Additionally, behavioral response variables tend to vary similarly 

(Figures 1-3). 

 Birds may be able to ameliorate negative effects from nest predation 

rate by modifying their nest behavior or nest defense strategy (Ricklefs 1977; 

Halupka & Greeney 2009). Our data suggest that the intensity of the behavioral 

response (on or off-nest) varied positively with visitation rates. Birds that left 

earlier or stayed further away from the observer tended to have lower visitation 

rates, which may indicate that some birds are shyer while others are bolder. 

Interestingly, the on-nest behavior was included in most models of visitation rate 

while off-nest behavior was more closely associated open-cup nesting species. 

Oddly, birds that were already off the nest upon observer approach had the 

highest visitation rates. Whereas birds that left at observer touch had a lower 

visitation rate than those already off the nest meanwhile adults that departed at 1-

2m had the lowest visitation rates. Considering that birds were still detected in the 
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area though off of the nest, may indicate that the birds that were off the nest at 

approach merely detected the observer at a large enough distance for the adult to 

depart but that it still chose to stay in the area. This would indicate that adults are 

deliberately making a conspicuous presence at the nest site instead of choosing to 

avoid detection. Birds that do not flush from the nest until it is touched may be 

attempting to avoid detection through stillness rather than early departure, and as 

such, may be attempting to decrease nest visitation rate by incurring more 

personal cost to perceived predation risk. If the latter scenario is correct, we 

might expect to see that birds that stay on the nest at human approach may also 

have larger clutches. We didn't detect this effect consistently in our models. The 

two behavioral variables, in conjunction with visitation rate, may indicate 

different types of risks (e.g., nest defense) that adults are willing to accept as their 

investment in the breeding attempt increases.  

 Alternatively, on-nest behavioral response could potentially be the 

result of the subset of birds in the dataset, many of which are secondary-growth 

species that currently breed in and around human settlement. Lower rates of 

human pedestrian traffic have been correlated to longer flight initiation distances 

(FID) in Turdus merula (Rodriguez-Prieto et al. 2009). However, results of FID 

studies that compared urban and natural settings in birds vary (e.g., Lin et al. 

2012; Möller & Liang 2013). Differences in behavioral responses to human 

observers may be correlated to other behavioral variables. For instance, 

conspicuousness at the nest site may correlate to behavioral plasticity (i.e., 

neophobia, a behavioral assay that assesses interspecific differences in response 

to novelty similar to intraspecific assays of personality; Greenberg 1983; Mettke-

Hofmann et al. 2002; Greenberg & Mettke-Hofmann 2003; Mettke-Hofmann et 

al. 2005). Co-variation of visitation rate and on-/off-nest behaviors may also be 

associated with traits related to foraging method or guild as Ricklefs (1977) 

found.  

 Parental strategy was correlated to visitation rate–birds with bi-

parental incubation tended to have higher visitation rates. We also found 

significant correlations with taxonomic group, which suggests that passerines and 
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doves differ in visitation rates. Doves had the lowest visitation rates, which may 

be related to adults feeding crop milk. Passerines must bring food back to the nest 

whereas doves produce a secretion in their crops that is fed to the young. This is 

the likely cause of the taxonomic difference that we observed. Adult mass also 

decreased as nest visitation rate increased. Doves are amongst our largest species 

and have low visitation rates, but this does not explain the entire result. The 

correlation between nest visitation rate and adult mass may indicate an energetic 

correlation, or may reflect differences in energetics. 

 In conclusion, our findings find some support for the Skutch 

hypothesis (1949); however, the relationship is likely more complex reflecting 

relationships between nest visitation rate, nest success, and behavior. Parental 

attendance and behavior may represent trade-offs associated with life-history 

strategy (Sih et al. 2004) with bolder species tending to have higher nest 

visitation rates and more intense behavioral response to the observer. This may 

indicate increased investment in reproduction or a different strategy in nest 

defense. Alternatively, behavioral characteristics associated with reproduction 

may represent a general trend in behaviors (e.g., neophobia; Greenberg & 

Mettke-Hofmann 2003) related to pace of life differences. Species may also 

generally differ in nest activity due to foraging method and prey type yet this may 

be correlated to adult behavioral responses at the nest (Ricklefs 1977). Given 

Ricklefs' (1977) findings, including a variable related to foraging guild (for 

instance, following Robinson et al. 2000a) may help to address behavioral 

response differences. We recommend additional study of nest visitation rate to 

help determine how it interacts with other life history and life table variables. 
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Table 1: Summary statistics of variables used in visitation rate analyses by stage (incubation or nestling) and data type (our data or literature values). On-nest and off-nest 

behavior fields represent categorical data. Levels are as follows, on-nest (2=off nest, 3=stays, 4=touch, 5=1-2m, 6=G5, 7=G10m) and off-nest (1=attacks, 2=moves ≤5, 

3=moves≥5, disappears).  

Common Name Species Codes Region Stage Type N 
Median 

visitation 
rate, hr-1 

St. 
Dev 

Obs. 
Time 
(hr) 

On 
nest 

Off 
nest 

Clutch 
size 
(#) 

Brood 
size 
(#) 

Nest 
success 

Parental 
care 

Nest 
type 

INCUBATION 
American goldfinch Carduelis tristis amgo temp incubation this study 19 2.00 2.46 33.59 5 3 5.5 6.0 0.7331 uni cup 
American robin Turdus migratorius amro temp incubation this study 20 1.67 1.02 40.29 5 3 4.0 3.0 0.407 uni cup 
barred antshrike Thamnophilus doliatus baas trop incubation this study 6 1.46 0.97 12.11 5 2 2.0 2.0 0.276 bi cup 
black-capped chickadee Poecile atricapillus bcch temp incubation this study 4 5.12 3.61 7.64 4 3 5.8 4.6 0.6701 uni cavity 
blue-gray tanager Thraupis episcopus bgta trop incubation this study 10 2.30 1.69 19.60 5 3 2.0 2.0 0.376 uni cup 
black-striped sparrow Arremonops conirostris bssp trop incubation this study 8 0.50 0.16 16.06 4 3 2.0 1.5 0.580 uni enclosed 
buff-throated saltator Saltator maximus btsa trop incubation this study 5 1.00 0.95 9.68 5 3 2.0 2.0 0.255 uni cup 
crimson-backed tanager Ramphocelus dimidiatus cbta trop incubation this study 18 1.50 0.56 34.55 5 3 2.0 2.0 0.492 uni cup 
clay-colored robin Turdus grayi ccro trop incubation this study 28 2.47 1.16 52.68 5 3 3.0 2.0 0.540 uni cup 
chipping sparrow Spizella passerina chsp temp incubation this study 13 1.92 2.17 23.68 4 3 3.0 3.0 0.492 uni cup 
common grackle Quiscalus quiscula cogr temp incubation literature 1 1.032 

. 
540.42 2 3 4.0 3.1 0.1701 uni cup 

common tody-flycatcher Todirostrum cinereum ctfc trop incubation this study 23 1.92 0.87 47.09 5 2 3.0 2.0 0.450 uni enclosed 
dusky antbird Cercomacra tyrannina duab trop incubation this study 8 0.77 0.50 16.26 2 4 2.0 2.0 0.5343 bi cup 
eastern phoebe Sayornis phoebe eaph temp incubation this study 6 3.72 2.09 11.39 5 3 3.7 3.0 0.8501 uni cup 
field sparrow Spizella pusilla fisp temp incubation this study 4 2.40 3.10 5.87 5 3 4.0 3.0 0.2751 uni cup 
gray-breasted martin Progne chalybea gbma trop incubation this study 11 2.50 1.50 22.29 2 1 4.0 2.8 0.825 uni cavity 
golden-collared manakin Manacus vitellinus gcma trop incubation this study 11 1.44 0.73 22.47 2 4 2.0 2.0 0.1953 uni cup 
gray catbird Dumetella carolinensis grca temp incubation this study 19 2.49 0.84 39.64 2 2 3.0 3.0 0.567 uni cup 
house finch Carpodacus mexicanus hofi temp incubation this study 6 2.44 1.59 11.35 5 3 4.1 2.9 0.735 uni cup 
house sparrow Passer domesticus hosp temp incubation this study 9 4.99 3.30 18.45 4 4 4.5 3.0 0.880 bi cavity 
lesser elaenia Elaenia chiriquensis leel trop incubation literature 1 4.684 . 19.00 5 3 2.0 1.5 0.287 uni cup 
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Common Name Species Codes Region Stage Type N 
Median 

visitation 
rate, hr-1 

St. 
Dev 

Obs. 
Time 
(hr) 

On 
nest 

Off 
nest 

Clutch 
size 
(#) 

Brood 
size 
(#) 

Nest 
success 

Parental 
care 

Nest 
type 

mourning dove Zenaida macroura modo temp incubation this study 12 0.48 1.03 21.54 4 4 2.0 2.0 0.486 bi cup 
northern cardinal Cardinalis cardinalis noca temp incubation this study 16 1.11 0.96 33.25 5 3 2.0 3.0 0.439 uni cup 
red-capped manakin Dixiphia mentalis rcma trop incubation combined 3 1.164 1.01 20.23 5 4 2.0 2.0 0.1293 uni cup 
red-eyed vireo Vireo olivaceus revi temp incubation literature 2 1.275, 6 0.15 204.70 5 4 3.3 3.0 0.5101 uni cup 

ruddy ground-dove Columbina talpacoti rugd trop incubation this study 18 0.50 0.37 35.63 4 4 2.0 2.0 0.511 bi cup 
southern house wren Troglodytes aedon 

musculus 
shwr trop incubation this study 22 2.39 1.72 44.30 5 4 4.0 3.0 0.767 uni cavity 

western slaty antshrike Thamnophilus atrinucha slas trop incubation this study 3 0.99 0.15 5.14 2 3 2.0 2.0 0.1733 bi cup 
social flycatcher Myiozetetes similis sofc trop incubation combined 2 2.218 . 21.05 2 1 3.0 2.3 0.375 uni enclosed 
song sparrow Melospiza melodia sosp temp incubation literature 2 1.378 0.33 93.00 5 3 3.8 3.0 0.1201 uni cup 
spotted antbird Hylophylax naevioides spab trop incubation combined 2 0.364 . 15.04 6 2 2.0 . 0.2023 bi cup 
streaked flycatcher Myiodynastes maculatus stfc trop incubation this study 6 2.23 0.49 12.07 5 3 3.0 3.0 0.859 uni cup 
thick-billed euphonia Euphonia laniirostris tbeu trop incubation this study 13 1.49 0.60 25.73 5 3 4.0 3.0 0.578 uni enclosed 
tree swallow Tachycineta bicolor tres temp incubation this study 5 1.96 1.30 10.26 5 1 6.0 5.0 0.6831 uni cavity 
tropical kingbird Tyrannus melancholicus trkb trop incubation this study 5 1.86 1.04 7.24 2 3 2.0 2.0 0.278 uni cup 
variable seedeater Sporophila americana vase trop incubation this study 22 2.00 0.78 44.65 5 2 2.0 2.0 0.418 uni cup 
white-bellied antbird Myrmeciza longipes whab trop incubation this study 14 0.97 0.73 26.36 2 3 2.0 2.0 0.309 bi cup 
yellow-bellied elaenia Elaenia flavogaster ybel trop incubation literature 1 2.714 . 17.00 5 3 2.0 2.0 0.568 uni cup 
yellow-green vireo Vireo flavoviridis ygvi trop incubation this study 10 1.00 0.40 20.11 5 2 3.0 2.0 0.204 uni cup 
yellow-olive flycatcher Tolmomyias 

sulphurescens 
yofc trop incubation literature 1 1.864 

. 
12.25 2 4 2.0 2.0 0.498 uni enclosed 

yellow warbler Setophaga aestiva ywar temp incubation this study 3 5.25 2.23 5.64 2 2 4.0 4.0 0.5401 uni cup 
NESTLING 

American goldfinch Carduelis tristis amgo temp nestling literature 2 1.288 0.31 87.00 4 3 5.5 6.0 0.7331 bi cup 
American robin Turdus migratorius amro temp nestling this study 18 7.19 4.48 34.52 2 3 4.0 3.0 0.407 bi cup 
barred antshrike Thamnophilus doliatus baas trop nestling this study 4 6.01 3.10 8.19 5 2 2.0 2.0 0.276 bi cup 
black-capped chickadee Poecile atricapillus bcch temp nestling this study 6 15.25 29.53 12.05 2 2 5.8 4.6 0.6701 bi cavity 
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Common Name Species Codes Region Stage Type N 
Median 

visitation 
rate, hr-1 

St. 
Dev 

Obs. 
Time 
(hr) 

On 
nest 

Off 
nest 

Clutch 
size 
(#) 

Brood 
size 
(#) 

Nest 
success 

Parental 
care 

Nest 
type 

blue-gray tanager Thraupis episcopus bgta trop nestling this study 16 9.28 5.00 31.97 2 3 2.0 2.0 0.376 bi cup 
black-striped sparrow Arremonops conirostris bssp trop nestling this study 6 3.00 1.78 12.31 4 3 2.0 1.5 0.580 bi enclosed 
buff-throated saltator Saltator maximus btsa trop nestling this study 4 4.95 3.53 8.05 2 3 2.0 2.0 0.255 bi cup 
crimson-backed tanager Ramphocelus dimidiatus cbta trop nestling this study 16 5.16 3.28 27.76 2 3 2.0 2.0 0.492 bi cup 
clay-colored robin Turdus grayi ccro trop nestling this study 24 8.66 5.13 49.53 2 3 3.0 2.0 0.540 bi cup 
cedar waxwing Bombycilla cedrorum cedw temp nestling combined 3 1.718 1.72 55.02 5 4 4.0 4.0 0.0591 bi cup 
chipping sparrow Spizella passerina chsp temp nestling this study 12 8.19 6.28 21.86 2 2 3.0 3.0 0.492 bi cup 
common grackle Quiscalus quiscula cogr temp nestling this study 2 4.16 1.73 4.09 2 3 4.0 3.1 0.170 bi cup 
common tody-flycatcher Todirostrum cinereum ctfc trop nestling this study 14 12.59 10.55 26.25 2 2 3.0 2.0 0.450 bi enclosed 
dusky antbird Cercomacra tyrannina duab trop nestling this study 6 4.84 1.62 11.23 4 4 2.0 2.0 0.5343 bi cup 
eastern bluebird Sialia sialis eabl temp nestling combined 2 8.608 2.19 4.05 2 3 4.0 4.0 0.8801 bi cavity 
eastern kingbird Tyrannus tyrannus eaki temp nestling combined 3 6.648 5.46 5.92 2 3 4.0 1.0 0.6101 bi cup 
eastern phoebe Sayornis phoebe eaph temp nestling this study 4 18.67 7.47 7.42 2 3 3.7 3.0 0.8501 bi cup 
field sparrow Spizella pusilla fisp temp nestling this study 9 9.89 6.36 18.42 2 3 4.0 3.0 0.2751 bi cup 
gray-breasted martin Progne chalybea gbma trop nestling this study 13 7.99 3.12 25.42 2 1 4.0 2.8 0.825 bi cavity 
golden-collared manakin Manacus vitellinus gcma trop nestling this study 10 3.70 1.69 17.33 2 2 2.0 2.0 0.1953 uni cup 
gray catbird Dumetella carolinensis grca temp nestling this study 14 7.52 4.24 26.74 2 2 3.0 3.0 0.567 bi cup 
house finch Carpodacus mexicanus hofi temp nestling this study 7 2.57 1.34 13.83 5 3 4.1 2.9 0.735 bi cup 
house sparrow Passer domesticus hosp temp nestling this study 3 8.96 14.27 5.97 2 3 4.5 3.0 0.880 bi cavity 
house wren Troglodytes aedon howr temp nestling this study 2 30.84 5.66 4.09 2 3 6.0 6.0 0.704 bi cavity 
mourning dove Zenaida macroura modo temp nestling this study 7 0.48 0.44 14.08 4 4 2.0 2.0 0.486 bi cup 
northern cardinal Cardinalis cardinalis noca temp nestling this study 14 6.21 2.22 28.86 2 3 2.0 3.0 0.439 bi cup 
red-capped manakin Dixiphia mentalis rcma trop nestling this study 6 2.47 1.42 11.87 5 4 2.0 2.0 0.1293 uni cup 
red-eyed vireo Vireo olivaceus revi temp nestling this study 5 9.705,6 8.30 10.16 2 2 3.3 3.0 0.5101 bi cup 

ruddy ground-dove Columbina talpacoti rugd trop nestling this study 15 1.00 0.91 28.65 5 3 2.0 2.0 0.511 bi cup 
southern house wren Troglodytes aedon 

musculus 
shwr trop nestling this study 15 13.34 7.70 29.12 2 3 4.0 3.0 0.767 bi cavity 
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Common Name Species Codes Region Stage Type N 
Median 

visitation 
rate, hr-1 

St. 
Dev 

Obs. 
Time 
(hr) 

On 
nest 

Off 
nest 

Clutch 
size 
(#) 

Brood 
size 
(#) 

Nest 
success 

Parental 
care 

Nest 
type 

western slaty antshrike Thamnophilus atrinucha slas trop nestling combined 2 1.984 0.69 9.32 2 2 2.0 2.0 0.1733 bi cup 
social flycatcher Myiozetetes similis sofc trop nestling this study 2 10.24 3.45 4.10 2 1 3.0 2.3 0.375 bi enclosed 
song sparrow Melospiza melodia sosp temp nestling this study 5 4.35 2.62 10.23 2 3 3.8 3.0 0.1201 bi cup 
streaked flycatcher Myiodynastes maculatus stfc trop nestling this study 5 10.00 5.71 7.80 2 2 3.0 3.0 0.859 bi cup 
thick-billed euphonia Euphonia laniirostris tbeu trop nestling this study 8 3.72 1.56 15.28 2 3 4.0 3.0 0.578 bi enclosed 
tree swallow Tachycineta bicolor tres temp nestling this study 3 23.98 10.09 5.49 2 1 6.0 5.0 0.6831 bi cavity 
tropical kingbird Tyrannus melancholicus trkb trop nestling this study 3 4.47 1.42 5.33 2 1 2.0 2.0 0.278 bi cup 
variable seedeater Sporophila americana vase trop nestling this study 6 9.24 3.14 14.40 2 2 2.0 2.0 0.418 bi cup 
white-bellied antbird Myrmeciza longipes whab trop nestling this study 9 3.48 2.34 17.22 2 3 2.0 2.0 0.309 bi cup 
yellow-bellied elaenia Elaenia flavogaster ybel trop nestling literature 1 14.757 . 16.00 2 3 2.0 2.0 0.568 bi cup 
yellow-green vireo Vireo flavoviridis ygvi trop nestling this study 9 7.80 4.40 17.77 2 2 3.0 2.0 0.204 bi cup 
yellow-olive flycatcher Tolmomyias 

sulphurescens 
yofc trop nestling literature 1 14.447 . 4.50 2 2 2.0 2.0 0.498 bi enclosed 

yellow warbler Setophaga aestiva ywar temp nestling this study 4 12.92 10.37 8.32 2 2 4.0 4.0 0.5401 bi cup 
1Conway & Martin (2002), 2Maxwell (1965), 3Brawn et al. (2011), 4Skutch (1962), 5Lawrence (1953), 6Southern (1958), 7 Skutch (1999), 8Kendeigh 1952 
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Table 2: Visitation rate model average results with mixed model regression results.  
Respons

e 
Dataset Model Freq Obs Variable Level Est. BT 

est. 
SE DF p-value 

S . 0.44 1.56 0.14 33 0.004 
off nest 0.07 1.07 0.19 33 0.717 
touch 0.19 1.21 0.19 33 0.330 
1-2m 0.08 1.09 0.16 33 0.611 

on nest 

>5m -1.02 0.36 0.50 33 0.048 
dove -0.99 0.37 0.40 33 0.019 

oscine 0.17 1.18 0.16 33 0.309 
taxonomic 

group 

suboscine 0.32 1.37 0.16 33 0.051 
bi -0.33 0.72 0.19 33 0.083 

incubation 
visitation 

rate 

All S F1, 33=9.8, p=0.004, on nest 
F3,33=1.8, p=0.171, taxonomic 

group F2,33=4.6, p=0.017, 
incubation type F1,33=1.9, 

p=0.175 

561.8 41 

incubation 
type uni -0.01 0.99 0.21 33 0.981 

S . 0.24 1.27 0.37 30 0.526 
off nest -0.01 0.99 0.14 30 0.926 
touch 0.34 1.40 0.16 30 0.044 
1-2m -0.11 0.90 0.12 30 0.382 

on nest 

>5m -0.91 0.40 0.34 30 0.010 
bi -0.47 0.63 0.13 30 0.001 incubation 

type uni -0.13 0.88 0.16 30 0.427 
dove -1.01 0.36 0.31 30 0.002 

oscine 0.19 1.21 0.12 30 0.123 

incubation 
visitation 

rate 

without 
outliers 

S F1,30=18.5, p=0.0002, on 
nest F3,30=3.8, p=0.021, 

incubation type F1,30=10.5, 
p=0.003, taxonomic group 

F2,30=7.4, p=0.002 

772.8 38 

taxonomic 
group 

suboscine 0.31 1.36 0.11 30 0.011 

S . 0.53 1.69 0.12 36 <0.001 
admass . -0.24 0.78 0.12 36 0.042 

nestling 
visitation 

rate 

All S F1,36=18.7, p=0.001, on nest 
F2,36=15.9, p<0.0001, 

taxonomic group F2,36=5.6, 

959.8 43 

on nest off nest 1.65 5.23 0.15 36 <0.001 
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Respons
e 

Dataset Model Freq Obs Variable Level Est. BT 
est. 

SE DF p-value 

touch 0.35 1.41 0.23 36 0.139  
1-2m 0.98 2.67 0.21 36 <0.001 
dove 0.14 1.15 0.34 36 0.677 

oscine 1.39 4.03 0.13 36 <0.001 

  adult mass F1,36=4.5, p=0.042   

taxonomic 
group 

suboscine 1.45 4.24 0.15 36 <0.001 

S . 0.32 1.37 0.09 32 0.002 

clutch . 0.48 1.61 0.16 32 0.005 

adult mass . -0.37 0.69 0.09 32 <0.001 
1-2m 0.85 2.34 0.17 32 <0.001 

off nest 2.14 8.46 0.06 32 <0.001 

nestling 
visitation 

rate 

without 
outliers 

on nest F2,32=29.3, p<0.0001, 
S F1,32=11.8, p=0.002, clutch 
size F1,32=9.2, p-value=0.005, 

adult mass F1,32=19.0, 
p=0.0001 

1170 38 

on nest 
touch 1.15 3.15 0.24 32 <0.001 

REGION 

Temperate 

incubation 
visitation 

rate 

all adult mass F1,14=12.4, p=0.003 639.8 16 

adult mass 

. -0.54 0.58 0.15 14 0.003 

incubation 
visitation 

rate 

without 
outliers 

adult mass F1,13=17.0, p=0.001 1125 15 

adult mass 

. -0.55 0.57 0.13 13 0.001 

S . 0.33 1.38 0.10 14 0.006 

clutch . 0.65 1.91 0.25 14 0.021 

adult mass . -0.28 0.76 0.10 14 0.020 
1-2m 0.99 2.70 0.21 14 <0.001 

nestling 
visitation 

rate 

all S F1,14=10.5, p=0.006, clutch 
size F1,14=6.7, p=0.021, on 
nest F2,14=72.2, p<0.0001, 

adult mass F1,14=6.9, p=0.020 

1288 20 

on nest 
off nest 2.23 9.30 0.07 14 <0.001 
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Respons
e 

Dataset Model Freq Obs Variable Level Est. BT 
est. 

SE DF p-value 

      touch -0.10 0.90 0.20 14 0.617 

S . 0.31 1.37 0.10 13 0.008 

clutch . 0.80 2.22 0.27 13 0.012 

adult mass . -0.32 0.72 0.11 13 0.012 
1-2m 1.00 2.73 0.21 13 0.000 

nestling 
visitation 

rate 

without 
outliers 

S F1,13=9.7, p=0.008, clutch 
size F1,13=8.6, p=0.012, on 
nest F1,13=31.2, p<0.0001, 

adult mass F1,13=8.6, p=0.012 

974.8 18 

on nest off nest 2.24 9.43 0.07 13 <0.001 

Tropical 

S . 0.29 1.34 0.13 19 0.043 
off nest 0.34 1.41 0.11 19 0.006 
touch -0.80 0.45 0.22 19 0.002 
1-2m 0.42 1.52 0.11 19 0.001 

on nest 

>5m -0.62 0.54 0.33 19 0.073 
bi -0.38 0.69 0.14 19 0.012 

incubation 
visitation 

rate 

all S F1,19=4.7, p=0.043, on nest 
F3,19=10.0, incubation type 

F1,19=6.1, p=0.023 

1257 25 

incubation 
type uni 0.05 1.05 0.13 19 0.695 

S . 0.35 1.42 0.10 17 0.003 
off nest 0.34 1.41 0.08 17 0.001 
touch -0.56 0.57 0.24 17 0.033 
1-2m 0.32 1.38 0.09 17 0.002 

on nest 

>5m -0.57 0.57 0.24 17 0.033 
bi -0.35 0.70 0.10 17 0.003 

incubation 
visitation 

rate 

without 
outliers 

S F1,17=12.4, p=0.003, on nest 
F3,17=6.9, p=0.003, incubation 

type F1,17=11.3, p=0.004 

1955 23 

incubation 
type uni 0.12 1.13 0.12 17 0.336 

S . 0.69 1.99 0.20 19 0.003 
oscine 1.79 5.98 0.15 19 <0.001 

nestling 
visitation 

rate 

all S F1,19=11.48, p=0.003, 
taxonomic group F1,19=9.2, 

p=0.0016 

1135 23 
taxonomic 

group suboscine 1.90 6.69 0.14 19 <0.001 
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Respons
e 

Dataset Model Freq Obs Variable Level Est. BT 
est. 

SE DF p-value 

      dove -0.18 0.84 0.46 19 0.704 

S . 0.46 1.59 0.17 15 0.018 

adult mass . -0.42 0.66 0.14 15 0.008 
1-2m 0.68 1.97 0.26 15 0.019 

off nest 2.06 7.85 0.09 15 <0.001 

nestling 
visitation 

rate 

without 
outliers 

on nest F2,15=17.6, p=0.0001, 
S F1,15=7.1, p=0.018, adult 

mass F1,15=9.3, p=0.008 

1518 20 

on nest 
touch 1.21 3.34 0.25 15 <0.001 

Open-cup nesting birds 

S . 0.42 1.53 0.13 26 0.003 
bi -0.42 0.66 0.15 26 0.010 incubation 

type uni 0.48 1.61 0.14 26 0.003 
oscine 0.10 1.11 0.14 26 0.478 

suboscine 0.38 1.46 0.11 26 0.002 

incubation 
visitation 

rate 

all S F1,26=10.8, p=0.003, 
incubation type F1,26=16.9, 
p=0.0003, taxonomic group 

F2,26=4.4, p=0.023 

640.8 31 

taxonomic 
group 

dove -0.39 0.67 0.29 26 0.183 

S . 0.39 1.48 0.09 21 <0.001 

adult mass . -0.22 0.80 0.08 21 0.012 
bi -0.34 0.71 0.10 21 0.003 incubation 

type uni 0.22 1.25 0.11 21 0.056 
disappear -0.38 0.68 0.13 21 0.008 

>5m 0.06 1.06 0.10 21 0.562 off nest 
<5m 0.14 1.15 0.12 21 0.247 
1-2m 0.19 1.21 0.09 21 0.047 
>5m -0.79 0.45 0.29 21 0.012 

off nest 0.37 1.45 0.09 21 0.001 

incubation 
visitation 

rate 

without 
outliers 

S F1,21=17.8 p=0.0004, 
incubation type F1,21=15.8, 
p=0.001, off nest F2,21=6.1, 
p=0.008, on nest F3,21=6.1, 

p=0.004, adult mass F1,21=7.5, 
p=0.012 

781.7 30 

on nest 

touch -0.01 0.99 0.16 21 0.946 
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Respons
e 

Dataset Model Freq Obs Variable Level Est. BT 
est. 

SE DF p-value 

S . 0.51 1.66 0.13 25 0.001 
1-2m 0.84 2.31 0.19 25 <0.001 

off nest 1.41 4.11 0.14 25 <0.001 on nest 
touch 0.13 1.13 0.24 25 0.609 
oscine 1.29 3.63 0.14 25 <0.001 

suboscine 1.31 3.71 0.15 25 <0.001 

nestling 
visitation 

rate 

all S F1,25=16.0, on nest 
F2,25=12.2, p=0.0002, 

taxonomic group F2,25=10.1, 
p=0.0006 

2021 31 

taxonomic 
group 

dove -0.22 0.80 0.30 25 0.463 

S . 0.61 1.84 0.10 18 <0.001 

clutch . 0.44 1.55 0.16 18 0.012 

adult mass . -0.30 0.74 0.09 18 0.004 
>5m 0.73 2.06 0.17 18 0.001 
<5m 0.57 1.76 0.21 18 0.016 

attacks 0.61 1.84 0.29 18 0.051 
off nest 

disappear 2.06 7.82 0.18 18 <0.001 
1-2m 0.44 1.56 0.15 18 0.008 

off nest 2.28 9.79 0.10 18 <0.001 

nestling 
visitation 

rate 

without 
outliers 

S F1,18=39.8, p<0.0001, clutch 
size F1,18=7.9, p=0.012, adult 
mass F1,18=10.8, p=0.004, off 

nest F3,18=7.2, p=0.002, on 
nest F2,18=50.5, p<0.0001 

1094 27 

on nest 
touch 0.24 1.27 0.35 18 0.501 
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Figure 1: 2D NMS plot of incubation visitation rate. Data are labeled by species 
code (Table 1) and coded by incubation type (closed circle=bi-parental incubation, 
open circle=uni-parental incubation).
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Fig. 2: 3D plots of NMS ordination of nestling visitation rate, behavioral responses, S, and clutch size. The points are coded by 

taxonomic group (black=suboscine, light gray=oscine, dark gray=doves). Clustering of trait vectors (lines) and species in life-

history space indicates similarities. 
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Figure 3: 3-D NMS plot of all traits related to visitation rate (without datapoints). This plot indicates similar directionality of 

incubation type, off-nest behavior (egg- OffEgg and nestling- OffKid), on-nest behavior (nestlings- OnKid), and perhaps adult 

mass (admass). Clutch size appears to vary with nest success (S) and appears to vary in a similar direction as nest type, 

incubation and nestling visitation rates (IncTrip and KidTrip, respectively).
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CHAPTER 4 

EFFECT OF PHOTOPERIOD ON INCUBATION PERIOD IN A WILD 
PASSERINE, SYLVIA ATRICAPILLA 

 

Suzanne H. Austin, Michaela Hau and W. Douglas Robinson 
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ABSTRACT: 

Time required for avian embryos to develop is influenced by incubation 

temperature and the amount of time adults incubate eggs. Experiments on poultry 

indicate that photoacceleration, the light-induced stimulation of embryonic 

development, decreases the length of the incubation period as embryos receive 

more light. We hypothesized that eggs of wild birds exposed to longer periods of 

light should also have shorter incubation periods. We tested whether 

photoacceleration would occur in a species of open-cup nesting passerine, the 

blackcap (Sylvia atricapilla). We artificially incubated blackcap eggs under four 

different photoperiods, four hours of light (4L) and 20 hours of dark (20D), 

12L:12D, 20L:4D, and a skeleton photoperiod (1hr light, 2 times per day) that 

framed a 20hr day. As predicted, incubation periods were accelerated with 

increasing photoperiod length: embryos exposed to 20L tended to have faster 

development than those exposed to 12L or 4L. Embryos exposed to skeleton 

photoperiods, however, developed as fast as those exposed to 20L. Skeleton 

photoperiods may most closely approximate natural patterns of light exposure of 

embryos during dawn and dusk recesses from incubation that adults take to forage. 

If our results from this species also occur in other wild birds, light exposure may 

help explain some of the variation in the observed seasonal and latitudinal trends 

in avian incubation period.  

 

INTRODUCTION: 

 Successful embryonic development in birds requires a narrow range of 

temperature and microclimatic conditions (Deeming 2002). Parents influence these 

environmental conditions primarily by manipulating transfer of their own body 

heat to eggs during incubation (White & Kinney 1974). Variation in the timing and 

extent of incubation behavior is largely thought to be responsible for intra- and 

inter-specific diversity in incubation periods (Deeming 2002; Martin et al. 2007). 

Late onset of incubation and egg neglect can lead to longer incubation periods in 

many species (Boersma & Wheelwright 1979). Intrinsic factors, such as variation 
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in egg size or the chemical components (maternal antibodies, hormones) of eggs 

also contribute to variability in incubation periods (Rahn & Ar 1974; Schwabl et 

al. 2007).  

 Potential effects of light exposure on incubation time in wild birds have 

rarely been considered as important factors despite evidence, primarily from 

studies of poultry, that light can influence embryonic development time in a 

process called photoacceleration (Shutze et al. 1962; Lauber & Shultze 1964; 

Cooper et al. 2011). Incubation time in poultry decreases as the amount of high 

intensity light that eggs are exposed to increases (for review see Ghatpande & 

Khan 1995; Cooper et al. 2011). Eggs exposed to light continuously throughout 

incubation (24L:0D) hatched 5 to 30 hours sooner than eggs incubated in darkness 

(0L:24D) (Shutze et al. 1962; Lauber & Shultze 1964; Walter & Voitle 1973; 

Lowe & Garwood 1977). Poultry studies show that light exposure during early 

incubation stimulates the closure of the neural tube (Isakson et al. 1970) as well as 

cell and somite proliferation (Ghatpande & Khan 1995). In the first passerine 

species studied to date, longer daylengths reduced incubation periods and 

accelerated embryonic metabolism (Cooper et al. 2011). Increases in embryonic 

metabolism may, in turn, accelerate development (Cooper et al. 2011). 

 Geographic location can influence the amount of light eggs receive. During 

the breeding season, daylength near the equator can be shorter than at temperate 

locations, depending on when they breed. Therefore, one might expect light to 

have some influence on the incubation periods of wild birds. Across species of 

songbirds, incubation periods of birds in tropical locations tend to be longer than 

those in temperate locations (Ricklefs 1969; Ricklefs 1976; Martin et al. 2007). 

Even within species, incubation period varies across latitudes. House Wrens 

(Troglodytes aedon), which breed from southern Canada through the equatorial 

Neotropics and into temperate South America, hatch 1.2 days sooner in Illinois, 

USA (40°N) than in Panama (9°N), even when eggs are placed in incubators with 

identical thermal conditions (Robinson et al. 2008). Whether light exposure can 

explain such differences remains unknown. Cooper et al (2011), in their study on 

House Sparrows (Passer domesticus), found that eggs from the same population 
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that were incubated under a 'temperate' photoperiod (18L:6D) hatched 

approximately 16.8hrs sooner than those under the 'tropical' photoperiod 

(12L:12D).  

 Among songbirds, the variety of locations that nests are placed also 

exposes eggs to very different light conditions. Eggs of cavity-nesting species, like 

House Sparrows, receive little direct light but are responsive to light stimuli 

(Zeman & Gwinner 1993; Gwinner et al. 1997; Cooper et al. 2011), whereas eggs 

in open-cup nests may experience substantially more light exposure depending on 

the habitat structure around nests. Because embryos of open-cup nesting species 

are naturally exposed to ambient light during incubation off-bouts, we 

hypothesized that these birds might exhibit sensitivity to changes in photoperiod 

during incubation (Gwinner et al. 1997).  

 We evaluated this hypothesis by experimentally manipulating the amount 

of light received by eggs of a wild, open-cup nesting passerine, the European 

Blackcap (Sylvia atricapilla). Based on results from earlier studies of poultry and 

House Sparrows, we predicted that incubation period should decline as daily 

photoperiod increased. Furthermore, we aimed at extending the previous studies 

on photoacceleration by testing whether short daylength (4L:20D) would lengthen 

incubation period. Finally, we addressed the question of whether a long duration of 

light exposure or the perception of a long photoperiod is required for 

photoacceleration by exposing one group of eggs to a skeleton photoperiod, which 

used two pulses of light lasting one-hour each that framed a 20L:4D photoperiod. 

Skeleton photoperiods can mimic the photoperiods that they frame eliciting similar 

physiological responses (Gwinner 1986). The photoperiodic information from 

these pulses of light can be used by organisms to entrain a circadian rhythm 

(Gwinner 1986; Wikelski et al. 2008). If eggs from the skeleton photoperiod have 

similar incubation periods to the long photoperiod that they frame then the 

photoperiod information is likely more important to the process of 

photoacceleration than the quantity of light that embryos receive. The skeleton 

photoperiod treatment is also likely to be the most similar to natural patterns of 
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light exposure to embryos being incubated by parents. Many songbird females take 

daily recesses from incubating to forage at dawn and dusk for self-maintenance.  

 

METHODS 

Study species:  

We studied a common European passerine, the Blackcap (Sylvia atricapilla). 

Blackcaps are an Old World warbler species (Family Sylviidae) that ranges from 

the Cape Verde Islands off West Africa to Northern Europe. They build open-cup 

nests along forest edges and in open woodlands. In Southern Germany, nests are 

typically located within 2m of the ground in brambles, low shrubs, vine clusters, or 

nettles. Blackcaps lay clutches of 4.76±0.02 (mean±SE) eggs and have an 

incubation period of 12.10±0.92d (SD) (Bairlein et al. 1980). Incubation periods in 

tropical blackcap populations have not been studied (P. Berthold, personal 

communication), although tropical congener species do have longer incubation 

periods (Table 2). Both sexes contribute to incubation with full onset of incubation 

typically beginning with the penultimate egg (Gnielka 1987). Preliminary 

measurements of egg temperatures taken during full incubation were 

approximately 38.0°C (Austin unpublished data). Nest humidity has not been 

documented in this species, however, due to the nest form (i.e., gaps in the fibers 

that make areas of the nest translucent; Mason 1976), we expect humidity in nests 

to closely correlate with ambient humidity.  

 

Field Methods:  

 From mid March to mid-July 2010, we located nests in and around the Max 

Planck Institute for Ornithology in Moeggingen, Germany (47.46N, 09.00E). 

Because we wanted to minimize prior exposure to light and parental incubation of 

the eggs, we only collected freshly laid eggs on the day that they were laid. Thus, 

any nests found during the nest building or laying phases were checked daily. The 

day each egg was laid, we numbered it with a non-toxic felt-tipped marker. After 

the first egg was laid, we visited nests daily between 0800-1400. We collected any 
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freshly laid egg after the first egg was laid; however, generally, we tried to collect 

either the second- or third-laid eggs (n=30). We never collected first laid eggs to 

avoid having birds abandon their nests. We were unable to use real or fake 

surrogate eggs to replace any removed eggs because blackcaps recognize their own 

eggs and will remove foreign eggs and/or abandon the nest.  

 After we removed eggs from a nest, we carefully placed them in a black 

film canister padded with packing foam and immediately transported them to our 

lab. To reduce the possibility of damaging eggs, we avoided jostling them and 

transported eggs with their air cell pointed up as this improves overall hatchability 

of eggs removed from nests (Landauer 1967). Once in the lab, we stored eggs in a 

dark environmental chamber at approximately 12-15°C for 24- to 48-hrs to 

increase egg hatchability (Brake et al. 1997). Because egg size may represent 

differences in female investment in the egg that could influence embryonic 

development, and thus, incubation period, we weighed (g) and measured (length 

and width; mm) each egg before placing it in an incubator.  

All eggs were randomly assigned (without replacement) to one of the four 

treatment groups.  

 Because most past photoacceleration research has largely focused on 

comparing extreme photoperiods (0L:24D vs. 24L:0D), we were interested in 

more realistic treatments that birds might actually experience over a range of 

latitudes or environmental conditions. During the breeding season, blackcaps 

experience daylengths of approximately 12h in the southernmost part of their 

range in the Cape Verde Islands to 19h northern Finland (Cramp 1992). We 

therefore chose two treatments representing a high latitude or temperate 

photoperiod (20L:4D) and a low latitude or tropical photoperiod (12L:12D). 

Additionally, we chose a treatment where the period of light was shorter than 

might be typical for geographic locations of a breeding songbird, but might more 

closely represent the amount of light actually reaching eggs because incubating 

adults cover eggs and presumably restrict light exposure during incubation. We 

used (4L:20D) because some bird species have long periods of parental absence 

during mornings when they recess from incubation to forage (Martin et al. 2007) 
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then return for extended incubation on-bouts the rest of the day. Other species take 

many shorter recesses throughout each day, so that even when local photoperiod 

might be 12L:12D, embryos are not naturally exposed to 12 hrs of light because of 

day-time incubation. Birds may not require exposure to the full photoperiod to 

establish biological rhythms. Birds can entrain a circadian rhythm by using pulses 

of light that frame the day (Wikelski et al. 2008). The skeleton photoperiod 

treatment in our experiment had two, one hour-long pulses of light in the first and 

last hour of the 20L:4D photoperiod, and was used to determine whether the 

quantity of light or the photoperiod length was more relevant for developing 

embryos. The skeleton photoperiod may most accurately simulate natural light 

conditions of a naturally incubated egg because adults typically leave eggs 

unattended at dawn and dusk to forage. 

 Each treatment was conducted inside a light proof box constructed from 

wood and heavy black plastic that held an incubator (Brinsea Octagon 20-

Advanced) with an automatic cradle that rocked the eggs (1 full rotation of 

incubator per hr), and two light emitting diodes (LED; Klick Unterbauleuchte) 

fixtures that were positioned over the incubator windows. To reduce any chance of 

secondary heating of either the eggs or the incubator temperature controls (housed 

above the windows) by the lights, we used white LED lights. Each incubator was 

pre-warmed to 38.1°C and relative humidity was at approximately 68% for at least 

24-hrs prior to placing any eggs in the incubators. Lights for each incubator unit 

were programmed to turn on at 0700 and run for the duration of their prescribed 

photoperiod. Eggs were randomly swapped between incubator and light units 

every few days to prevent unit effects. 

 Eggs were added to each treatment from 0700-1500, so most eggs were 

inserted within the light phase of their respective treatments. Temperature and 

humidity were checked daily using the incubator's internal incubator sensors. 

Additionally, either a lux meter with internal temperature sensor (Onset model 

UA-002-08) or a thermocouple was inserted into the incubator to monitor 

temperature and/or light intensity at the level of the eggs. The light intensity within 

the incubation was approximately 1000-1400lux. Some variation did occur as eggs 
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rolled away from the lights, but this is expected to be minimal and the rolling 

distance and light location was consistent across all treatments. Light levels were 

also measured in several empty blackcap nests. In one nest, continuously 

monitored for 3 days (5/31/2009 1800-6/3/2009 0815), light levels ranged from 

sunrise to sunset (10 to 10,4712, median 3272 lux) and from sunset to sunrise (0 to 

129, median 1 lux). 

 

ANALYSIS: 

 All analyses were conducted in SAS (v9.1). We compared incubation 

periods among treatment groups using mixed models (PROC MIXED). The 

assumption of normality and constant variance of residuals was assessed (PROC 

UNIVARIATE). We used leverage, studentized residuals, and Cook’s distance to 

check for outliers and influential data points. We ln-transformed incubation 

periods and egg masses. 

 Because we were assessing 4 levels of treatment, when we assessed post-

hoc differences of least square means we used a Dunnett-Hsu adjustment. All 

analyses comparing treatment groups used this adjusted p-value. Incubation period 

(d) was the response variable, and the explanatory variable was treatment (4L:20D, 

12L:12D, 20L:4D, and skeleton). We tested if initial egg mass (g) differed by 

treatment. We also tested if egg mass or month of laying influenced incubation 

period as co-variables. We found no effect of egg mass and month on incubation 

period (treatment F3, 15=2.7, p=0.08; month F2,15=0.4, p=0.66; ln(egg mass) 

F1,15=0.87, p=0.37); thus all further analyses will exclude these variables. No more 

than one egg from a given clutch hatched, so we did not adjust analyses to account 

for relatedness of eggs. Also, we did not test if lay order had any effect on 

incubation period among our treatment eggs because all but 6 eggs were third-laid 

eggs. We set alpha=0.10 because we kept sample sizes small to reduce effects of 

egg collection on the local Blackcap population. 
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RESULTS: 

 Our a priori hypothesis was that incubation period would decrease in 

longer photoperiod treatments. We collected and incubated 30 eggs, of which 22 

hatched (leaving n=4-7 for each treatment group, Table 1). Egg mass and lay 

month were statistically insignificant, so we present results with only treatment as 

a variable. Incubation period of eggs in the four treatment groups indicated 

statistically meaningful differences (F3, 18= 2.8, p=0.068; Table 1), however 

variation within treatment groups, especially the 4L and 20L groups, was large. 

Nevertheless, median incubation periods for each treatment group followed the 

predicted direction. The shortest incubation period was for the skeleton treatment 

group with a median thermal dose of 296.2±2.8 hr, which was 6 to 14.5 hours 

shorter than doses of the other treatments. The least squares mean differences 

between skeleton and 4L or 12L was significant (Est=0.034±0.014, adj. p=0.055 

and Est=0.035±0.013, adj p=0.028), but the skeleton treatment did not differ 

significantly from 20L (Est=0.0245±0.0136; adjusted p=0.152).  

 

DISCUSSION: 

 Our experiment provides evidence that embryos of a wild, open-cup 

nesting passerine are sensitive to photoperiod and responded as predicted to longer 

photoperiods with an acceleration of incubation period. Eggs exposed to longer 

photoperiods (full and skeleton) tended to have shorter incubation periods than 

those exposed to shorter photoperiods, though sample size and individual 

variability limit our statistical power. Nevertheless, the current data corroborate 

and extend results from a recent study using eggs from a North American 

population of House Sparrows (Passer domesticus) artificially incubated under 

photoperiods mimicking temperate (18L:6D) and tropical (12L:12D) latitudes. 

This study showed that incubation period was approximately one day shorter and 

embryonic metabolism faster for the temperate photoperiod treatment (Cooper et 

al. 2011), even in a cavity-nesting species whose eggs would naturally only be 

exposed to low levels of light (Gwinner et al. 1997). 
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 Furthermore, we found that eggs incubated under a skeleton photoperiod 

that framed a 20hr day had similar incubation periods to those exposed to 20hrs of 

light. It is often assumed that birds exposed to skeleton photoperiods measure the 

shortest distance between the two light pulses, which should result in a short-day 

response in the current experiment (4L:20D). However, quail exposed to two 15-

min light pulses in various intervals interpret pulses given 11-15 hrs apart as a long 

daylengths (Follett 1985). Hence, one possible interpretation for our finding that 

incubation periods of eggs under the skeleton period were similar to those exposed 

to 20L:4D would be that embryos perceived the skeleton photoperiod as a long 

day. If indeed the case, the current data would suggest that photoperiodic 

information, provided by the pulses of light at dawn and dusk, could be as 

important as total light exposure in affecting incubation periods.  

  Indeed, it would make ecological sense if embryos responded to the 

skeleton photoperiod provided in the current experiment to a long day. In many 

wild bird species, adults leave the nest in the morning and around dusk for 

extended intervals of time to forage, essentially exposing embryos to skeleton 

photoperiods. In our field study of blackcaps, we observed temperature decreases 

in thermocouples implanted in eggs and nest-cups from natural nests in the early 

morning hours during the early stages of incubation (Austin unpublished data). 

Further temperature drops, signifying adult off-bouts were present throughout the 

day though adult attendance was very high later in incubation.  

  One of the difficulties when using photoacceleration to explain variation of 

incubation periods among wild birds is the quandary that even though in 

experiments the quantity of light reaching eggs is correlated positively with faster 

embryonic development (Ghatpande & Khan 1995, reviewed in; Cooper et al. 

2011) in the wild most birds contact-incubate their eggs, which actually limits the 

embryos' exposure to light. However, the results from our skeleton treatment may 

resolve this issue if short-term light exposure during adult incubation recesses 

could indeed convey relevant photoperiodic information to embryos. A further 

open question concerns the thermal effects of incubation recesses. Incubation off 

bouts would expose eggs to light and allow photoacceleration to occur; however, 
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the eggs would cool down during these off bouts, which may lengthen 

development times. The next line of research on photoacceleration should address 

how interactions between temperature and photoperiod affect embryonic 

development and photostimulation. 

 The biological significance of photoacceleration may relate to seasonal or 

latitudinal variation in incubation period. Seasonal differences in incubation length 

have almost entirely been attributed to earlier onset of incubation (Cooper et al. 

2005). As the breeding season progresses in spring and summer in temperate 

regions, daylengths remain relatively long and incubation period decreases. 

Increasing photoperiods and higher ambient temperatures may act in conjunction 

with earlier onset to decrease incubation times. Differences in photoperiod and 

characteristics of the light that embryos are exposed to during incubation could 

also account for some of the variation in incubation periods across species. Recent 

work on latitudinal differences in incubation period between temperate and 

tropical birds suggests that adult attendance does not completely account for the 

longer incubation periods in tropical birds (Chalfoun & Martin 2007; Robinson et 

al. 2008). Common garden experiments on a suite of lowland tropical species have 

not accelerated development despite effectively removing any influence of adult 

attendance on embryonic development (Robinson et al. 2008). Hence, photoperiod 

may play a role in determining incubation periods across latitudes. Contributing, 

and likely interacting, sources of variation in incubation duration are differences in 

intrinsic factors (Robinson et al. 2008), parental behavior (Tieleman, Williams & 

Ricklefs 2004; Chalfoun & Martin 2007; Robinson et al. 2008), maternal 

investment in androgens or antioxidants (Schwabl 1993; Schwabl 1996), growth 

and metabolic rates and environmental photoperiod and temperature (Zeman & 

Gwinner 1993; Olson, Vleck & Vleck 2006; Cooper et al. 2011). 

 Among Sylvia warblers, northern species tend to have short incubation (12-

13d) while tropical species have longer incubation periods (14-16d; Table 2) 

despite similar onset of incubation and parental attendance. We might expect that 

species with large ranges, like the blackcap, may be more plastic and responsive to 

photoacceleration than those with more narrow distributions. This remains to be 
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tested. It may however be that, similar to many embryological traits, the 

mechanism of photoacceleration is highly conserved.  

 Exactly how more light exposure influences length of incubation period 

requires additional study. Assessing how photoperiod or different characteristics of 

light influences incubation period is an interesting, and largely overlooked, area of 

research given the wide range of conditions that a growing embryo is exposed to. 

If the patterns we found are also present in other wild birds, then experiments 

evaluating the role of light wavelengths and interactions with egg pigmentation, 

adult incubation rhythms, and egg temperature could be informative. 
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Table 1: Incubation periods (d), thermal dose (hr, ±SD), initial egg mass 
(means±SD) and month in which eggs were laid (4: Apr, 5: May), for each 
photoperiod treatment of blackcap eggs. Thermal doses represent incubation 
period (d) in hours.  
 

  

Thermal Dose, 
hr (Inc Period, 

d) 

Initial Egg 
Mass (g) Lay Month 

Treatment n Med SD Mean SD Avg SD 

20L 7 
302.3 

(12.64) 7.3 2.3 0.3 4.9 0.7 

12L 6 
307.9 

(12.77) 5.3 2.2 0.1 5.0 0.6 

4L 5 
310.7 

(12.76) 6.9 2.4 0.2 5.4 0.6 

skeleton 4 
296.2 

(12.33) 2.8 2.2 0.2 4.8 0.5 
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Table 2: Literature review data of basic breeding information for Sylvia warblers.  

Species 

Location of 
breeding study 

site 
Nest 
Type 

Clutch 
Size 

Incubation 
Type 

Incubation 
Period (d) 

Onset 
Incubation Source 

Sylvia althaea 
India and 
Pakistan cup 4 . . . 1 

Sylvia atricapilla Europe cup 4.76 bi 12.1 penultimate 2 

Sylvia boehmi 

NW Somalia to 
central 

Tanzania cup 2 . 15 penultimate 3, 4 

Sylvia borin Europe cup 4.17 bi 12.8 
clutch 

completion 2 
Sylvia cantillans Europe cup 4 bi 11 to 12 . 2 
Sylvia communis Europe cup 4.63 bi 12 penultimate 2 

Sylvia conspicillata Malta cup 4.8 bi 12 to 13 
clutch 

completion 2 
Sylvia crassirostris* N. Africa cup 4.2 bi 12 to 14 penultimate 2 

Sylvia curruca Europe cup 4.71 bi 11 

penultimate 
or clutch 

completion 2 
Sylvia deserti Algeria cup 3 bi . . 3 

Sylvia deserticola 
Algeria and 

Tunisia cup 3.87 . . . 2 
Sylvia hortensis* Europe cup 3 to 5 bi 12 to 13 . 2, 3 

Sylvia layardi 

Namibia, 
Lesotho, S. 

African cup 3 . . . 3 

Sylvia leucomelaena 
Egypt to 
Somalia cup 2.7 bi 15 to 16 

clutch 
completion 3 

Sylvia lugens Kenya cup 2 bi 14.5 
clutch 

completion 4 
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Species 

Location of 
breeding study 

site 
Nest 
Type 

Clutch 
Size 

Incubation 
Type 

Incubation 
Period (d) 

Onset 
Incubation Source 

Sylvia 
melanocephala Malta cup 3.77 bi 13 penultimate 2 
Sylvia melanothorax Cyprus cup 4.45 . . . 2 

Sylvia mystacea Uzbekistan cup 4 to 5 bi 11 to 13 
clutch 

completion 2 

Sylvia nana nana 
India and 
Pakistan cup 4 to 5 . . . 1 

Sylvia nisoria Europe cup 5.02   12.7 
clutch 

completion 2 
Sylvia ruppeli Greece cup 4 to 5 bi 13 . 2 

Sylvia sarda Mediterranean cup 3 to 4 bi 12 to 15 
clutch 

completion 2 
Sylvia subcaerulea southern Africa cup 2.5   13, 15   3 
Sylvia undata Europe cup 4 bi 12 to 14 penultimate 2 

1 (Ali & Ripley 1973), 2 (Cramp 1992), 3 (Urban, Fry & Keith 1997)), 4 (Schaefer et al. 2004) 
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 Adult attendance patterns likely represent the outcome of a parent-

offspring trade-off where adults balance self-maintenance with nest attentiveness 

whilst minimizing risk of nest predation (Martin 2002). To address how selection 

has shaped avian life-history strategies along a latitudinal gradient, we addressed 

how parental reproductive strategy and environment affect incubation period. 

Because avian incubation is strongly temperature-dependent, optimal embryonic 

development relies on parents to maintain eggs within a narrow range of 

temperatures (Deeming 2002). In so doing, birds must also minimize nest 

predation risk. In chapter two, we addressed how adult incubation constancy 

varied with a number of life and natural history traits. We found that constancy did 

not vary with latitude amongst our subset of species; however, we found a strong 

correlation between adult constancy and relative egg mass. Birds with higher 

constancy tended to have lower relative egg masses, higher body and egg masses 

and higher BMR. Constancy was unrelated to nest success. We suggest that a 

minimum threshold of incubation constancy is needed to produce fit hatchlings; 

however, above this threshold, parents cannot accelerate developmental times so 

reduce their constancy levels in favor of self-maintenance. Adult incubation 

constancy is highly variable and responsive to environmental conditions with 

adults responding to decreases in ambient temperature by increasing their nest 

attendance (Zerba & Morton 1983; Davis et al. 1984). More insulated, i.e., cavity 

or enclosed, nests may lose heat more slowly as do larger eggs; thus, selection may 

favor co-variation of traits that influence the egg environment including adult 

constancy (Deeming 2002). We might expect that birds that nest in cooler 
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environments, as in early spring in temperate regions, may have higher constancy 

than those that nest later in the season when its warmer. Similarly, if investment in 

egg mass is higher due to developmental constraints, we might expect parents to 

take advantage of the lower cooling rate to reduce their attendance rates, which 

may help explain the co-variation of these two traits.  

 Next, we asked how visitation rate during development varied with nest 

success, adult behavioral response to human intrusion, adult size and reproductive 

strategy (ch. 3). This allowed us to assess if the Skutch hypothesis (1949; 1985) 

was contributing to adult attendance patterns. We found consistent patterns where 

nest visitation rate was associated with nest success and on-nest behavior. Birds 

that left the nest in close proximity to the human observer had lower visitation 

rates than those that were off the nest upon observer arrival. This suggests that 

counter to the Skutch hypothesis (Skutch 1949; Ghalambor & Martin 2001), 

parents were not fleeing the nest site to avoid detection but were either staying on 

the nest to avoid detection or were allowing themselves to be seen by the human 

intruder. Species that were off of the nest at arrival also tended to have higher 

visitation rates whilst those that stayed until the observer was closer had lower 

visitation rates, which suggests different approaches to avoiding nest site 

detection. We suggest that more work is needed to determine if foraging and other 

developmental variables are associated with visitation rate, and thus, nest success.  

 Finally, we conducted an experiment (ch. 4) on wild blackcaps (Sylvia 

atricapilla) to determine if an environmental variable, photoperiod, was 

influencing the observed latitudinal difference in incubation period. Whilst we 
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found differences between the skeleton photoperiod and 4L and 12L treatments, 

20L treatment was not significantly different. This result suggests that photoperiod 

information captured by the skeleton photoperiod, can decrease incubation period 

in a temperate species. We suggest that future work address how off-bouts, and the 

resulting decrease in egg temperature, interact with light exposure during 

incubation. The significant relationship of skeleton photoperiod suggests that 

limited amounts of light can accelerate hatching times in songbirds. Photoperiodic 

influence on development is an area that is rich with possibilities for future 

research. For instance, parental attendance patterns, egg pigmentation, maternal 

androgens and antioxidants may interact with light during embryonic 

development. Light may influence latitudinal variation or contribute to seasonal 

differences in incubation times. Further assessment of how photoperiod affects 

nestling growth rates should also be considered.  

 We find that selection of a plastic trait like constancy may act first on a 

more static trait like egg mass, and that parental attendance patterns may be 

influenced by nest success, though perhaps mitigated by adult response behavior. 

Finally, we suggest that the environmental variable, day length, may account for 

some of the latitudinal variation in incubation period. We encourage others to 

marry the findings of this study to determine if adults may be utilizing day length 

to accelerate development during their off-bouts. Incubation period in wild species 

shows a diversity that has yet to be fully explained (Robinson et al. 2008; Ricklefs 

& Brawn 2013). Future work should focus not just on temperature variation but 
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also less clear-cut variables like light, parental influences, and microclimate in 

nests.  
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