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ABSTRACT  

Although long-distance migratory songbirds are widely believed to be at risk from warming 

temperature trends, species capable of attempting more than one brood in a breeding season 

could benefit from extended breeding seasons in warmer springs. To evaluate local and global 

factors affecting population dynamics of the black-throated blue warbler (Setophaga 

caerulescens), a double-brooded long-distance migrant, we used Pradel models to analyze 25 

years of mark-recapture data collected in New Hampshire, USA. We assessed the effects of 

spring temperature (local weather) and the El Niño Southern Oscillation index (a global climate 

cycle), as well as predator abundance, insect biomass, and local conspecific density on 

population growth in the subsequent year. Local and global climatic conditions affected warbler 

populations in different ways. We found that warbler population growth was lower following El 

Niño years (which have been linked to poor survival in the wintering grounds and low fledging 

weights in the breeding grounds) than La Niña years. At a local scale, populations increased 

following years with warm springs and abundant late-season food, but were unaffected by spring 

temperature following years when food was scarce. These results indicate that the warming 

temperature trends might have a positive effect on recruitment and population growth of black-

throated blue warblers if food abundance is sustained in breeding areas. In contrast, potential 
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intensification of future El Niño events could negatively impact vital rates and populations of 

this species. 

 

INTRODUCTION 

Climate change is expected to increase the risk of extinction for many species in the coming 

century (IPCC, 2014). Long-distance migratory birds are a particular conservation concern (Both 

et al., 2010, Miller-Rushing et al., 2008, Strode, 2003), because they may be unable to adjust 

their migration in tempo with the advancement of spring and the consequent earlier peak in food 

abundance in breeding areas (Both & Visser, 2001, Saino et al., 2011, Van Der Jeugd et al., 

2009). Warmer, earlier springs might benefit some migratory species, however. For example, 

species capable of attempting multiple broods within a single breeding season might produce 

more offspring when the season is extended (Drever & Clark, 2007, Halupka et al., 2008, Møller, 

2007), particularly in populations that do not experience phenological mismatches with prey 

(e.g., Dunn et al., 2011, Halupka et al., 2008, Townsend et al., 2013).  

Conditions during each stage of the annual cycle (i.e., breeding versus non-breeding 

season) can differentially affect long-distance migrants (Sillett & Holmes, 2002, Sillett et al., 

2000). Therefore, a complete understanding of how their populations will respond to climate 

change requires consideration of weather components across a large geographic scale (Garcia-

Perez et al., 2014). Global climate cycles, such as the El Niño Southern Oscillation (ENSO), can 

be used as an index of integrated weather variables (e.g., sunshine, precipation, temperature) 

across the geographic range of Neotropical migrants (Holmgren et al., 2001, Stenseth et al., 
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2003). El Niño and La Niña events refer to the periodic warm and cold phases, respectively, of 

the ENSO, and have been shown to alter the survival or productivity of migratory songbirds in 

different stages of their annual cycles (Garcia-Perez et al., 2014, LaManna et al., 2012, Nott et 

al., 2002, Sillett et al., 2000, Wilson et al., 2011). Work by Sillett et al. (2000), for example, 

indicated that annual survival in an overwintering population of black-throated blue warblers 

(Setophaga caerulescens), as well as their recruitment to both the overwintering and breeding 

grounds, were lower in El Niño years than La Niña years. The effects of global cycles on the 

populations of migratory songbirds might become increasingly important if elevated greenhouse 

gas concentrations alter the intensity or frequency of ENSO events (Collins et al., 2010, Latif & 

Keenlyside, 2009).  

The black-throated blue warbler is one long-distance migratory songbird with 

characteristics that could buffer it from negative impacts of—or even predispose it to benefit 

from—a warming climate (Townsend et al., 2013), at least in the short term (Rodenhouse et al., 

2008). They are insectivores that breed in the forests of eastern North America and overwinter 

primarily in the Greater Antilles. In contrast with avian systems experiencing phenological 

mismatches with prey (reviewed in Both, 2010), breeding black-throated blue warblers exploit a 

prey base that does not exhibit a predictable within-season pulse (Lany et al., In review). They 

facultatively produce a second clutch after successfully fledging a first (Holmes et al., 1992, 

Nagy & Holmes, 2005b), initiate breeding earlier in warm springs, and are more likely to attempt 

second broods (and fledge more young) in years when they begin earlier (Townsend et al., 2013), 

particularly when food availability is relatively high (Kaiser et al., 2015, Nagy & Holmes, 

2005a). Potential increases in annual reproductive output with warming spring temperatures 
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could have positive effects on populations of this migratory bird. Seasonal fecundity in one year 

is correlated with the abundance of new (yearling) breeders recruited in the next breeding season 

(Sillett et al., 2000), indicating that environmental factors on the breeding ground that influence 

fecundity are important drivers of their population dynamics (Sillett & Holmes, 2005).  

Most previous analyses of the effects of weather and climate trends on migratory 

songbirds, including studies of black-throated blue warblers, have focused on a single 

demographic rate, generally survival (Garcia-Perez et al., 2014, LaManna et al., 2012) or annual 

fecundity (Bulluck et al., 2013, Townsend et al., 2013, Visser et al., 1998), so that the relative 

contribution of these vital rates to population change is difficult to assess. Moreover, 

extrapolating potential population effects from a single demographic rate could be misleading, 

because fecundity, survival, immigration, and emigration combine to determine population 

change. Climate-linked changes in one vital rate only would provide a misleading explanation of 

population dynamics if temperature or other environmental factors have counteracting effects on 

different demographic rates (Caswell, 1989, Pfeifer-Meister et al., 2013, Zani, 2008), if 

individuals compensate for changes in one vital rate by adjusting another (Muths et al., 2011), or 

if population fluctuations are driven primarily by conspecific density or stochastic environmental 

factors (Reed et al., 2013).  

Here, we used a time-symmetric analysis of mark-recapture data (Pradel, 1996, Nichols 

& Hines, 2002) to simultaneously examine the effects of local weather and global climate cycles 

on warbler survival, recruitment, and population dynamics. We used 25 years of black-throated 

blue warbler mark-recapture data from a breeding population in the Hubbard Brook 

Experimental Forest, New Hampshire, USA (Holmes, 2007, Holmes, 2011), where warming 
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temperature trends have been both observed (Reynolds et al., 2007, Richardson et al., 2006) and 

projected (Hayhoe et al., 2007). We evaluate the main and interactive effects of five 

environmental factors that previous studies indicate are of likely importance to population 

dynamics in this species: spring temperature (Townsend et al., 2013), global climate cycles 

(ENSO; Sillett et al., 2000), predator abundance (Nagy & Holmes, 2004), insect biomass (Nagy 

& Holmes, 2005a), and conspecific density (Holmes, 2011, Rodenhouse et al., 2003, Sillett et 

al., 2004). The complete set of hypotheses tested for each environmental factor is given in Table 

1. We also evaluated population trends over time and used the substantial inter-annual variation 

in spring temperature recorded between 1985 and 2010 to infer possible population responses of 

this species to projected future climate change. 

 

MATERIALS AND METHODS 

Field data 

Black-throated blue warblers breed in mature, northern hardwood forests of eastern North 

America and winter in the Greater Antilles. We collected data in the 3160-ha Hubbard Brook 

Experimental Forest (Woodstock, New Hampshire, USA), a mature second-growth hardwood 

forest embedded within the White Mountain National Forest (Holmes, 2007, Holmes, 2011). 

Mark-recapture, weather, insect, and predator data were collected from 1986 through 2010 in a 

64-ha study plot spanning 450-600m above sea level. Dominant canopy trees included sugar 

maple (Acer saccharum), American beech (Fagus grandifolia), and yellow birch (Betula 

alleghaniensis), and red spruce (Picea rubens). The patchy understory was composed of 
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hobblebush (Viburnum alnifolium) and striped maple (A. pensylvanicum), as well as saplings of 

canopy species (Holmes, 2011). 

Mark-recapture data were recorded annually, resulting in 412 uniquely marked breeders 

over the 25-year period (1986-2010). Black-throated blue warbler males defend exclusive, non-

overlapping territories during the breeding season (Holmes et al., 2005) and adult breeders have 

strong site fidelity (Cline et al., 2013). Encounter probabilities were therefore very high in this 

population (>0.8 in all years), resulting in high precision of estimated demographic parameters. 

We captured and banded adult birds with unique combinations of colored leg bands for 

individual identification and aged them as yearlings or older breeders based on plumage 

characters (Holmes et al., 1996). Because our goal was to estimate how environmental factors 

influence recruitment rate (per capita additions of new breeders to the population), only breeders 

that were first marked as yearlings (new breeding recruits) were included in analyses; older birds 

immigrating into the study plot were excluded. Inclusion of older age-classes in the analysis 

would have answered different questions (e.g., the extent to which population density in this plot 

is buffered by immigration of older birds; the extent to which environmental factors affect 

absolute abundance). Preliminary analysis revealed no sex-specific differences in survival or 

recruitment; thus, we pooled data from both sexes for all subsequent analyses to maximize 

sample size. Since pair bonds form at the start of each breeding season, and since most mortality 

occurs during migration (Holmes et al., 2005), we did not anticipate significant lack of fit of our 

models to the data by potential non-independence between members of a breeding pair. This was 

confirmed by various goodness of fit analyses, as discussed later in this section.  
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We measured biomass of Lepidopteran larvae by visual surveys at approximately two-

week intervals in each breeding season. On each occasion, 100 understory leaves each of 

American beech and sugar maple were searched at ten points separated by 50 m along each of 

four permanent transects located within the study plot. The length of each individual caterpillar 

was recorded and converted to dry biomass using the equation 0.004 × length (mm)2.64 (Rogers et 

al., 1977). Biomass was summed for both tree species on each counting occasion, resulting in 

units of mg caterpillar biomass per 2000 leaves for each transect on each count date. Food 

availability was calculated as the sum of the mean caterpillar biomass in two surveys conducted 

each season between mid-June and mid-July (the time period relevant to birds attempting double 

broods), resulting in units of caterpillar biomass per 4000 leaves.  

We surveyed eastern chipmunks Tamias striatus and eastern red squirrels Tamiasciurus 

hudsonicus, the primary nest predators at Hubbard Brook, with five minute point counts during 

the same four biweekly periods used to estimate caterpillar biomass. We conducted four counts 

during each two-week period and averaged these to estimate the number of predators detected in 

each territory per year. Predator surveys were not adjusted for detection probability and thus only 

indexed predator populations.  

 

Temperature and climate data 

We used temperature data from a U.S. Forest Service weather station (490m above sea level; 

located <1 km of our study plot), where daily mean temperatures have been recorded since 1956. 

Following Townsend et al. (2013), we defined spring temperature as the annual mean of mean 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

daily temperatures recorded from 15 March through 18 May. Temperature over this interval is 

relevant to warbler demographic parameters: warblers at Hubbard Brook start breeding earlier 

when mean temperatures over this interval are higher, and early breeders are more likely to 

attempt a second brood and have higher fecundity than those starting later in the season 

(Townsend et al., 2013). Moreover, temperature accumulation after 15 March has been linked to 

the advancement of spring leaf phenology (Richardson et al., 2006) and development potential of 

Lepidoptera at Hubbard Brook (Reynolds et al., 2007).  

Spring temperatures over this time interval have increased significantly at Hubbard 

Brook between 1956 and 2010 ( = 0.34 ± 0.11 o C/ ten years; t = 3.22; p = 0.002), but not over 

the subset of years for which we have mark-recapture data (1986-2010; = 0.31 ± 0.37 o C / ten 

years; t = 0.84; p = 0.41). However, the range of temperatures observed in the 25 focal years 

encompassed nearly the entire range of variation observed in the longer time-series, with the 

exception of two cold springs (1956 and 1967; Supplementary information, Fig. S1), facilitating 

inference about possible responses to continued warming trends (Hayhoe et al., 2007). 

We used monthly means of the Southern Oscillation Index scores 

(www.cpc.ncep.noaa.gov/data/indices/) from January through May of the previous year as an 

index of annual El Niño Southern Oscillation (ENSO) condition at the start of the breeding 

season. High, positive values correspond to La Niña conditions and low, negative values 

correspond to El Niño conditions. El Niño conditions in the previous year have been linked to 

low Lepidoptera larval biomass mid-June through mid-July and low black-throated blue warbler 
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fledgling weights (Sillett et al., 2000). Preliminary analyses did not reveal any trend in ENSO 

intensity over the time period of the study (Supplementary information, Fig. S1). 

 

Statistical analysis 

We used a time-symmetric mark-recapture modeling approach (Pradel, 1996; "Pradel models" 

hereafter) in Program MARK v.8.0 (White & Burnham, 1999) to estimate retrospective annual 

population growth λt from our 25 years of mark-recapture data. The Pradel model allows the 

decomposition of annual estimates of λt into two components representing annual apparent 

survival ( ) and annual recruitment (ft):  Apparent survival (here, annual survival 

from May in one year to May in the next) reflects overall subtractions from the population, 

combining both true mortality and permanent emigration. Recruitment refers to the number of 

new animals in the study area at time t+1 relative to the number of animals present at time t. 

Recruitment rate reflects the per capita additions of new, yearling breeders to the study area, 

including both those produced within and outside of it. Because natal site fidelity is extremely 

low in this species (Holmes et al., 2005), here f primarily represents recruits produced in other 

areas, and not in situ recruits. Annual fecundity on our site is significantly and positively 

correlated with the number of yearling recruits in the following spring (Sillett et al., 2000), 

however, indicating that our study population is representative of S. caerulescens population 

dynamics occurring at a regional scale (see also Jones et al., 2003). The Pradel model accounts 

for imperfect detection probability (p) in the encounter history, reducing potential bias in the 

estimates of φ, f, and λ (Lebreton et al., 1992), and has been applied to demographic analyses of 
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a number of species [e.g., owls (Franklin et al., 2004, Ganey et al., 2014), neotropical parrots 

(Sandercock & Beissinger, 2002), bears (Boulanger et al., 2002), and migrating songbirds 

(Schaub et al., 2001)].  

Underlying model structure: time-invariant survival and encounter probabilities 

Previous analysis indicated little variation in annual adult survival and detection probability of 

black-throated blue warblers on their breeding grounds (Sillett & Holmes, 2002). We tested the 

prior assumption of time-invariant survival and detection probability using a Cormack-Jolly-

Seber (CJS) modeling approach. As a preliminary step in our analysis, we assessed the 

identifiability of all parameters using a numerical method based on data cloning (sensu Lele et 

al. 2010; Appendix F; Cooch & White, 2015). Failure to account for non-identifiable parameters 

can yield biased parameter estimates, since extrinsically non-identifiable parameters can lead to 

convergence problems during the numerical estimation. It can also lead to errors in model 

selection based on the AICc, which is calculated for each model in part as a function of the 

number of estimable parameters. Previous analysis demonstrated that encounter probabilities 

were very high in some years (>0.9): in such a case, the true parameter value is sufficiently close 

to the upper boundary that it may not be properly estimated. Using models with and without time 

variation in apparent survival and encounter probability, we found that the encounter probability 

in some years (1987-88, 1990, 1995-99, 2001-02) was 1.0 (i.e., all individuals alive and in the 

sampling area were encountered during those years). Thus, for all subsequent analyses, we first 

fixed the encounter probabilities for these years at 1.0.  
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We next fit a set of five reduced-parameter approximating models, nested within a general 

model that consisted of time-varying survival and time-variation in the encounter probability for 

those years not fixed to 1.0. Goodness of fit of the general model to the data was confirmed using 

both the median-  (White & Burnham, 1999) and Fletcher statistic (Fletcher, 2012). The reduced 

parameter models constrained either survival, or those encounter probabilities for those years not 

fixed to 1.0, to be either time-invariant or to be constrained as a simple linear trend over time. 

Over our candidate model set, we found no evidence for time variation in either apparent 

survival (sensu Sillett & Holmes, 2002), or encounter probability for years when p < 1.0. The 

normalized AICc weight for the fully time-invariant model (no variation over time in either 

apparent survival or unconstrained encounter probabilities) was 0.71, while the weight for a 

model where survival was constrained to change linearly over time was 0.29 (the trend over time 

in survival was estimated at <-0.01% per year, which we judge to be biologically insignificant). 

No other candidate models had any support in the data. Estimated apparent survival from the 

most parsimonious, fully time-invariant model was with a conditional SE=0.021, 

while estimated encounter probability for those years where p<1 was , with a 

conditional SE=0.046. Thus, for our subsequent Pradel models, we used a time-invariant 

parameter structure for both survival and detection probabilities (where some of the encounter 

probabilities were fixed to 1.0). Since  then in the absence of variation in adult 

survival (φ), any variation in population growth (λ) would be entirely determined by variation in 

recruitment (f), such that modeling variation in λ or f would be equivalent. Since variation in 
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population growth is more directly interpretable than variation in per capita recruitment, we 

modeled variation in population growth rate only.  

 

Environmental covariates, recruitment, and populations: Main effects 

We examined the effects of environmental covariates on population growth, using two distinct 

but complementary analyses. First, we evaluated a candidate set of 32 fixed-effect approximating 

models, nested within a general model where growth rate was allowed to vary randomly over 

time (hereafter “main-effects” model set; Supplementary materials, Table S1). Goodness of fit of 

the general model to the data was confirmed using both the median-  (White, 2002, White & 

Burnham, 1999) and Fletcher statistic (Fletcher, 2012). In each model, λ in year t was 

constrained to be a linear function of one or more environmental covariates: (1) mean 

temperature in the previous spring (TEMP), (2) predator abundance in the previous breeding 

season (PRED), (3) mid- to late-season caterpillar biomass in the previous breeding season 

(FOOD), (4) the Southern Oscillation Index from January through May of the previous year 

(ENSO); and (5) breeding density in the previous year (DENS). Approximating models were 

constructed symmetrically over the entire model set such that 16 total models included each 

covariate. Models were ranked using Akaike’s Information Criterion, corrected for sample size 

(AICc; Burnham & Anderson, 2002, Hurvich & Tsai, 1989). We assessed the relative importance 

of each covariate by summing the normalized AICc weights of candidate models containing that 

covariate. Because our model set was balanced (symmetrical) with respect to all main effects, the 

predictor variable with the largest cumulative weight was judged to be the most important 
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contributor to annual variation in growth rate λ, whereas the variable with the smallest sum was 

judged to be the least important (Arnold, 2010, Burnham & Anderson, 2002, Doherty et al., 

2012).  

 

Environmental factors, recruitment, and populations: Interactive effects 

We had strong a priori reasons to expect that interactions of some covariates could significantly 

influence population growth (Table 1). Specifically, we hypothesized that the effects of warm 

spring temperatures (and the consequent early breeding; Townsend et al., 2013) could be 

mediated by food: female black-throated blue warblers at Hubbard Brook are more likely to 

attempt second broods when late-season food availability is high (Nagy & Holmes, 2005a, Nagy 

& Holmes, 2005b). To evaluate this and other possible interactions among the set of 

environmental covariates, we also evaluated a different candidate model set, consisting of a 

general model that included all five main effect covariates (ENSO, FOOD, DENS, TEMP, and 

PRED), and ten additional models, where each model contained all five main effect covariates, 

plus an interaction of two of the five covariates (hereafter “interaction” model set; 

Supplementary materials, Table S2). We considered models with only a single interaction term 

between pairs of main effects as a compromise between (i) evaluating all possible two-way and 

higher interactions (which would not only be difficult to interpret biologically, but would result 

in a candidate model set consisting of >>30K models; analyzing such a large candidate model set 

is not only computationally prohibitive, but arguably would represent ‘data dredging’), and (ii) 

ignoring possible important interactions among key main effects, by restricting the model set to 

only those models where we had a strong a priori expectation of an interaction based on previous 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

analysis. Since the ten interaction models differed structurally only in the interaction term, we 

compared normalized AICc weights among these candidate models directly.  

 

Estimates of population growth (λ) 

To generate robust estimates of annual demographic rates, we used model averaging over both 

our complete set of fixed effects models (described above; Burnham & Anderson, 2002) and 

random effects models (Table S1, described above; Burnham & White, 2002) to estimate time-

specific (annual) population growth, survival and recruitment. Model averaging explicitly 

accounts for model selection uncertainty in inference based on multiple competing models 

(Burnham & Anderson, 2002) and produces a more stable set of parameter estimates (Doherty et 

al., 2012). In a separate analysis, we also evaluated a candidate set of random effects models that 

implicitly accounted for all unstructured time variation in the estimates of λt that cannot be 

modeled with a simple smooth parametric form (e.g., linear trend), yet are potentially important. 

In such cases, it is realistic to conceptualize the actual unknown λt as varying about a conceptual 

linear structure (i.e., mean, or simple trend), with some population variation, σ2
. Such models 

generally produce less biased estimates of process variance than model averaging alone 

(Burnham & White, 2002). Consequently, we generated separate estimates of λt using both 

approaches for comparative purposes.  
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RESULTS 

Effects of environmental factors on survival, recruitment, and populations 

Annual population growth, which, in the absence of detectable annual variation in survival, was 

determined by annual recruitment, was strongly affected by global climate cycles (ENSO), local 

breeding density (DENS), and the interactive effect of spring temperature and late-season food 

availability (TEMP*FOOD). Cumulative AICc weights for ENSO, FOOD, and DENS, calculated 

over the 32 additive fixed effects models in the “main effects” model set (Table S1), were near 

equal (0.974, 0.856 and 0.974, respectively), and were all much higher than the cumulative 

weights for PRED (0.310) and TEMP (0.421).  Analysis of the “interaction” model set revealed 

strong support for an interaction between spring temperature and food; the model including the 

interaction of spring temperature and food had 3-4 times more support in the data than did the 

next best interaction model (Table S2).  

In order to provide a robust comparison of the most parsimonious interaction model with 

our fixed effects models, we re-ran the fixed effect model set, after including the model with a 

(TEMP * FOOD) interaction term. This interaction model had a normalized AICc weight of 

0.894 relative to all other fixed effect models, and was almost 25X better supported than the 

most parsimonious fixed effects model (Table 2).  

The model containing the interaction of (TEMP*FOOD) was estimated on the log scale 

as (model presented with parameter estimate in bold font, followed by estimated 95% CI in 

square brackets):  

           = 1.192 [0.542-1.842]  
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  -0.145 [-0.205,-0.086] (ENSO) -0.011 [-0.018, -0.004] (DENS) 

  -0.024 [-0.041,-0.008] (FOOD) -0.146 [-0.275,-0.016](TEMP) 

  +0.005 [0.002,0.008] (TEMP*FOOD) 

As predicted (Table 1), realized growth decreases with increasing Southern Oscillation 

Index scores (ENSO) and local breeding density (DENS). Likewise, the interaction term 

(TEMP*FOOD) appears consistent with our predictions. Interpretation of this interaction is 

shown in Figure 1, which illustrates the subtle relationships among the four covariates. When 

food biomass was low (left-most panels, Fig. 1), spring temperature had no measurable effect on 

population growth in the subsequent year. In marked contrast, population growth rate in the 

subsequent year increased with spring temperatures when food was abundant (right-most panels, 

Fig. 1). For either level of food abundance (low, high), growth was always lower following El 

Niño than La Niña years, and, all other things being equal, population growth to the subsequent 

year was generally lower when population density was high (indicated by the lower y-axis 

intercepts in high-density years; lower panels).  

The coefficients for the main effects of (FOOD) and spring temperature (TEMP) in our 

most supported interaction model were both negative, which appears to run counter to our 

predictions (Table 1). We note, however, that these coefficients are not biologically 

interpretable given the interaction of the two effects (Gelman & Hill 2007).  In contrast (and in 

support of our predictions), coefficients for the effect of temperature and food on population 

growth in the “main effects” model set (Table S1) were positive in all models with a temperature 

or food terms, although the 95% confidence intervals around these estimates included zero, suggesting 

that neither factor had a significant influence on population growth when considered additively. 
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Population growth (λ) 

We found no evidence that realized annual growth rate changed in a systematic way over the 25 

years of the study, although annual growth rate of the warbler population at Hubbard Brook 

varied markedly across years (Fig.2). Geometric mean stochastic growth rate was estimated as 

, with an estimated process variance of  The calculated 95% confidence 

interval for  [0.928, 1.135] included 1. The estimated slope in the trend model was extremely 

small ( =-0.055, SE=0.005). We confirmed the lack of trend in population growth rate by fitting 

an additional random effects model where random variation in growth was constrained to fall 

around simple linear trend line (Table 3). A comparison of this model with an intercept-only 

random effects model showed insufficient evidence to distinguish between the two models. 

These findings indicate that this warbler population was stable from 1986 to 2010.  

 

DISCUSSION 

The mark-recapture modeling approach that we employed allowed us to examine simultaneously 

multiple factors (i.e., spring temperature, global climate cycles, food availability, predator 

density, and local conspecific density) that potentially affect survival, recruitment, and 

population dynamics of a common Neotropical migrant, the black-throated blue warbler. As 

expected from previous work (Sillett & Holmes, 2002), we found little inter-annual variation in 

survival probability as measured on the breeding grounds, indicating that changes in population 

growth were largely mediated by changes in recruitment. Climatic conditions at multiple scales 
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affected recruitment of this migratory songbird on multiple scales. On the global scale, 

recruitment and population growth were lower following El Niño years than La Niña years. On a 

local scale, spring temperatures on the breeding ground affected population dynamics, but its 

effect was mediated by late-season food availability. Warm springs were associated with positive 

population growth in the next year when late-season food biomass was high, but were neutral 

following years in which food abundance was low. Predator density had no detectable effect on 

population growth in the next year, whereas the effect of local conspecific density was strong: 

population density negatively affected recruitment and population growth to the next breeding 

season.  

Local effects: temperature, food, and facultative double-brooding 

Warm springs had a positive effect on recruitment and population growth subsequent to years 

when food abundance was high late in the breeding season. These results are consistent with 

other studies indicating that the effects of warming spring temperatures on the reproductive 

season—whether positive, negative, or neutral—depend on within-season food availability 

(Both, 2010, Dunn et al., 2011, Halupka et al., 2008, Møller, 2007, Visser et al., 1998). 

Considerable attention has been focused on populations that are experiencing mismatches 

between timing of egg laying and peak food abundance available for offspring (Both et al., 2006, 

Visser & Both, 2005, Visser et al., 1998), and some authors suggest that populations with longer 

“thermal delays” in migration timing are more likely to experience mismatches and population 

declines (Saino et al., 2011). However, few studies have explicitly examined mismatches in 

migratory species (Both, 2010, Knudsen et al., 2011), and such mismatches are likely to be most 

relevant to species that rely on food abundance for a relatively short, consistent period within the 
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breeding season (Visser & Both, 2005). The black-throated blue warbler may be buffered from 

temporal mismatches by its plasticity in the timing of breeding and number of breeding attempts 

(Townsend et al., 2013), as well as its diverse and seasonally stable prey base (Lany et al., In 

review). 

The mechanism likely linking warm, high-food breeding seasons to higher recruitment 

and population growth is a higher likelihood of successfully double-brooding (Nagy & Holmes, 

2005a, Nagy & Holmes, 2005b, Townsend et al., 2013). Only about half of the females in this 

breeding population, on average, attempt second broods in a given year (Holmes et al., 1992, 

Nagy & Holmes, 2005b), and this percentage varies dramatically across years (Nagy & Holmes, 

2005b). Females are more likely to attempt second broods when they begin breeding earlier 

(Townsend et al., 2013) and when late-season food abundance is high (Nagy & Holmes, 2005a). 

Furthermore, longer inter-clutch intervals enabled by extended breeding seasons could contribute 

to increased fledging success in warm springs (Møller, 2007). Although this idea has received 

less attention in the literature, it is possible that early springs and extended breeding season could 

also increase fecundity for single-brooded pairs or populations that facultatively renest after one 

(or more) nest failures. 

For species with relatively little variation in individual clutch size, successful production 

of a second (or more) broods within a single breeding season can have a profound influence on 

annual fecundity as well as population growth rates (Nagy & Holmes, 2004, Nagy & Holmes, 

2005b, Podolsky et al., 2007). Our results are congruent with an increasing number of studies 

that indicate the importance of double-brooding in predicting population responses to climate 

change (Bulluck et al., 2013, Dunn & Møller, 2014, Møller, 2007, Møller et al., 2010, Townsend 
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et al., 2013, Visser et al., 2003). Recent studies indicate that multi-brooded species have 

advanced their lay date more—and have a longer breeding season—than single-brooded species 

(Dunn & Møller, 2014). Furthermore, the occurrence of multiple brooding has had positive 

effects on population trends of 71 bird species in France (Jiguet et al., 2007) and 78 species 

throughout Europe and North America (Dunn & Møller, 2014).  

Conspecific density 

We found strong evidence of underlying population regulation in the study system: population 

density had a negative effect on recruitment and population growth to the next breeding season. 

This result is consistent with earlier work, as the black-throated blue warblers at Hubbard Brook 

have become one of the best-documented examples of population regulation in a songbird 

(Holmes, 2007). Using a shorter-term data sets and different analytical methods, previous studies 

have documented that local population density at Hubbard Brook has a negative impact on 

fecundity, the likelihood of double-brooding, and the condition of offspring produced 

(Rodenhouse et al., 2003, Sillett & Holmes, 2005, Sillett et al., 2004). Mechanisms, elucidated 

through experimental density manipulations, include crowding and occupation of subpar habitat 

in high-density years (Rodenhouse et al., 2003, Sillett et al., 2004). Operation of these 

mechanisms is not driven exclusively by offspring produced in situ, because natal philopatry is 

extremely rare in this species; thus, the factors affecting fecundity and recruitment in our study 

population must also apply to a larger, regional breeding population (Sillett & Holmes, 2002). 

Global effects: El Niño Southern Oscillation 
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Increasing severity of El Niño events could negatively impact warbler populations. Recruitment 

and population growth were lower following El Niño years (this study), which have been 

associated with low prey abundance and reduced fledgling mass—but not to adult survival—at 

Hubbard Brook (Sillett et al., 2000). Annual survival of black-throated blue warblers 

overwintering in northwestern Jamaica was also lower in El Niño years, associated with reduced 

rainfall and decreased food availability in Jamaica, than in wetter La Niña years (Sillett et al. 

2000). Although some researchers hypothesize that the severity of recent El Niño events is linked 

to global warming, uncertainty remains as to how much (and in what direction) increasing 

greenhouse gas concentrations will affect the ENSO cycle (Collins et al., 2010, Fedorov & 

Philander, 2000, Latif & Keenlyside, 2009). Warmer temperatures are expected to alter some of 

the background drivers of ENSO in ways that intensify El Niño events, but will dampen others; 

depending on the balance of these effects, the end results could be an increase, decrease, or no 

change in the severity of future El Niño events (Collins et al., 2010).  

Population trends 

Our population of black-throated blue warblers was stable over the 25- year period of this study 

( ; Fig. 2). This stability is concordant with the results of other studies of this species, 

using different time-series, populations, and analytical techniques (Holmes & Sherry, 2001, 

Sauer et al., 2008, Sillett & Holmes, 2005). Populations of this warbler have been stable since at 

least 1969 (Holmes & Sherry, 2001), despite long-term warming temperature trends on breeding 

grounds (Reynolds et al., 2007, Richardson et al., 2006, Townsend et al., 2013). These results 

contrast with recent declines reported in many long-distance migratory songbirds across the 

globe (Ballard et al., 2003, Both et al., 2006, Heldbjerg & Fox, 2008, Robbins et al., 1989, Saino 
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et al., 2011, Sanderson et al., 2006). Some of these declines have been attributed to climate 

change, at least in part (Lemoine et al., 2007, Sanderson et al., 2006, Van Turnhout et al., 2010). 

Stability of black-throated blue warbler populations lends support to the idea that double-

brooded species might be buffered, to some extent, from warming climate trends (Dunn & 

Møller, 2014, Jiguet et al., 2007).  

Our results emphasize that populations of long-distance, migratory species are affected 

by a complex interaction between ecological factors, local weather, and global climate cycles. 

Warming temperatures trends appear to have a positive effect on recruitment and population 

growth of black-throated blue warblers in high-food years, and little effect in low-food years, at 

least in the short-term. This potential benefit is aligned with a small but growing body of 

evidence that populations of double-brooded species might respond in a more positive way to 

warming spring temperature trends than do single-brooded species (Dunn & Møller, 2014, Jiguet 

et al., 2007, Townsend et al., 2013), particularly when they are not constrained by narrow prey 

peaks (Visser et al., 2003). We note, however, that these potential short-term benefits might be 

counteracted by climate-driven declines in food and overall habitat quality. High quality habitat 

for this species in New England occurs at mid-to-high elevations, where foraging substrate and 

food biomass is greater (Rodenhouse et al., 2008). Warming temperatures could cause the extent 

of this high-food habitat to contract as lower-quality habitat expands up the elevational gradient 

(Rodenhouse et al., 2008). Such a degradation in habitat quality and reduction in food biomass 

could neutralize benefits of breeding early in warm springs. Furthermore, intensification of El 

Niño events (if they occur; Collins et al., 2010) could also negatively impact vital rates and 

populations of this species. Predicting the effects of environmental variation on migratory 
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animals will therefore require analytical approaches that can disentangle the ways that multiple 

interacting factors shape demographic rates. Pradel’s (1996) time symmetrical approach 

therefore holds great promise in understanding how ongoing climate change determines the 

dynamics of natural populations. 
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SUPPORTING INFORMATION CAPTIONS 

Figure S1. Mean spring temperatures at the Hubbard Brook Experimental forest (solid circles; 

daily means from 15 March – 18 May) and ENSO values (open circles; monthly means from 

January through May) from 1956 to 2010. Shaded area indicates the 25 years of this 

demographic study (1985-2010). Local temperatures have increased significantly since 1956 

but not in the years of the demographic study.  

Table S1. Main-effects model set. Candidate set of 33 fixed-effects approximating models: 32 

additive fixed effects models nested within a general model that allowed unstructured annual 

variation, (λt). El Niño = ENSO; conspecific breeding density = DENS, spring temperature = 

TEMP; caterpillar biomass = FOOD; AICc = Akaike Information Criterion corrected for 

sample size; K = number of parameters; λ = realized population growth. Model structure for 

apparent survival (φ) and encounter probability (p) were fixed over all candidate models, and 

are not shown (see explanation in text). 

Table S2. Interaction model set, in which all ten possible pairwise interactions of the five 

primary environmental covariates were added to a general (NULL) model, which consisted of 

all five covariates included in the model as additive fixed effects. Models are identified by 

the interaction term included in the model. Model structure for apparent survival (φ) and 

encounter probability (p) were fixed over all candidate models and are not shown (see 

explanation in text). AICc = Akaike Information Criterion corrected for sample size. The 

likelihood of a model is the AICc weight for the model divided by the AICc weight of the best 

model. This value is the strength of evidence of this model relative to other models in the set 

of models considered. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Table S3. Bivariate (Pearson) correlation between environmental covariates. P≥0.15 (not 

significant at nominal α=0.05) for all correlations.  

 

 

Table 1. Hypotheses for the effects of environmental factors on population growth (λ) tested by our set of 

approximating models. 

 

Parameter Hypothesis Citation 

Spring temperature λ increases with spring temperature in the 
previous year because of earlier breeding / 
increased reproductive output 

Townsend et al. 2013 

Predators λ decreases with predator abundance in the 
previous year because of reduced reproductive 
success 

Nagy and Holmes 2004 

Food λ increases with late-season food biomass in 
previous year because of greater food 
availability for offspring 

Sillett et al. 2000, Nagy 
and Holmes 2005a 

El Niño λ lower following El Niño years because of 
their link to low insect biomass and fledgling 
weights 

Sillett et al. 2000 

Temperature * Food Positive effects of spring temperature on λ 
greater when late-season food abundance is 
higher because of increased likelihood of 
double-brooding 

Kaiser et al. 2015, Nagy 
& Holmes 2005a & 
2005b 

Density λ decreases with conspecific density in the 
previous year because of reduced reproductive 
success 

Rodenhouse et al. 2003 
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Table 2. Model selection results for models with normalized AICc weights >0.010 from the 

analysis of variation in realized growth rates (λ) as a linear function of various environmental 

and demographic covariates. Apparent survival (φ) and encounter probability were held fixed 

and are not shown (see explanation in text). K = number of parameters. The likelihood of a 

model is the AICc weight for the model divided by the AICc weight of the best model. This value 

is the strength of evidence of this model relative to other models in the set of models considered. 

 

                            Model ΔAICc AICc weight K Likelihood 

TEMP+FOOD+ENSO+DENS+TEMP*FOOD 0.00    0.894 8    1.000 

ENSO+FOOD+DENS 6.46    0.035 6    0.040 

TEMP+ENSO+FOOD+DENS 7.05    0.026 7    0.029 

PRED+ENSO+FOOD+DENS 7.85    0.018 7    0.018 

PRED+TEMP+ENSO+FOOD+DENS 8.72    0.011 8    0.013 
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Table 3. Model selection results for fixed (FE) and random effects (RE) analysis of trend in 

realized growth rates (λ) over 25 years of the study. Although temporal variation in apparent 

survival was not strongly supported in our analyses, we included time-variation in survival, ϕt, 

for some models to account for the possibility that process variation in one parameter was 

constrained by other model parameters. Detection probability, p, was fixed over time in all 

models. The likelihood of a model is the AICc weight for the model divided by the AICc weight 

of the best model. This value is the strength of evidence of this model relative to other models in 

the set of models considered.  

 

        Model ΔAICc AICc weight 
Likelihoo

d 

ϕ.λt – RE (trend) 0.000      0.498 1.000 

ϕ.λt – RE (mean) 0.030      0.492 0.987 

ϕ.λt – FE  7.88      0.010 0.020 

ϕtλt – RE (trend) 30.65    <0.001 <0.001 

ϕtλt – RE (mean) 30.81    <0.001 <0.001 

ϕtλt – FE  40.85    <0.001 <0.001 

 

 

FIGURE LEGENDS 

Figure 1. Plot illustrating interactive effects of local food biomass and spring temperature on 

annual realized population growth, . When late-season food biomass was low (a-b; left-most 

panels), spring temperature had no detectable effect on population growth. However, when food 
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was abundant (right-most panels),  increased markedly with increasing spring temperatures. For 

either level of food abundance (low, high),  was always lower in El Niño years than La Niña 

years;  was generally lower when conspecific population density was high. Food abundance and 

nesting density discretized as ‘low’ or ‘high’, based on 25% and 75% percentiles from overall 

distribution of both covariates. ENSO discretized as either ‘El Niño’ or ‘La Niña’, based on 25% 

and 75% percentiles from overall distribution of the ENSO index. Plotted lines represent 

population growth predicted by most parsimonious model (Table 2), as a function of 

temperature, controlling for discrete levels of breeding density, food abundance, and ENSO 

index. Shaded areas represent 95% confidence limits to prediction lines.  

Figure 2. Annual variation in estimated realized population growth ( ) of black-throated blue 

warblers at Hubbard Brook (1987-2009). Open circles represent annual shrinkage estimates from 

the most parsimonious random effects model (intercept-only model; Table 3), whereas solid 

circles represent annual model-averaged maximum likelihood (ML) estimates from the candidate 

set of fixed-effect models (Table S1). Shrinkage estimates shown with ± 1 RMSE (sensu 

Burnham & White, 2002), while model-averaged ML estimates are shown with ± 1 SE. The solid 

horizontal line represents overall mean realized stochastic growth rate ( =1.03), with horizontal 

dashed lines representing 95% confidence limits to the estimated mean. Mean and 95% 

confidence limits derived from intercept-only random effects model. 
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