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ABSTRACT.—Few studies have identified plausible biological mechanisms by which 

increasing temperatures affect populations. We hypothesize that the South Hills Crossbill 

(Loxia curvirostra complex), endemic to south-central Idaho, is declining because the 

serotinous pine cones, which crossbills rely almost exclusively on as their source of food, are 

opening and dropping their seed in warmer conditions. We use distance sampling to confirm a 

sharp decline in crossbill abundance, and mark-recapture-resighting techniques and a life 

table analysis to show that temporal variations in apparent adult survival are sufficient to 

cause the observed population decline. We modeled climate covariates with apparent annual 

survival to test competing hypotheses of climate impacts and find that warmer temperatures 

correlate with lower survival. We also show that cone productivity is not declining. The 

implications are that warmer temperatures will lead to additional declines in survival and 

population size, potentially causing the extinction of this unique crossbill. 
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INTRODUCTION 

With massive environmental changes predicted from climate warming, conservation 

biologists fear we are entering an era of mass extinctions (Thomas et al. 2004). For example, 

the International Panel on Climate Change (IPCC 2007) predicted a greater than 66% chance 

of increased risk of extinction for 20-30% of all species assessed worldwide if climate warms 

by 1.5 to 2.5˚C. Risk of extinction increased to 40 – 70% of species if global average 

temperature exceeds 3.5˚C, and such temperatures are likely to occur by the end of this 

century (IPCC 2007). Moreover, some scientists think that climate-caused extinctions and 

range contractions may already be widespread but have gone undetected (Thomas et al. 2006). 

However, only a few species have been studied in enough detail to evaluate whether recent 

climate change has strongly and negatively impacted their populations. One example is the 

pika (Ochotona princeps), a small mammal adapted to high-elevation talus slopes. In the 

Great Basin region of the western United States, 28% of pika populations were extirpated in 

the last 50 years, a decline partly explained by warmer temperatures and increased thermal 

stress (Beever et al. 2003). Whether such ongoing population declines of species are 

widespread and caused by climate change has been relatively little studied, especially in 

temperate North America. 

Land birds represent one abundant and prominent group for which widespread 

declines in North America have been observed (Rich et al. 2004, DeSante and Kaschube 

2009, Sauer et al. 2011). Whether and to what extent these declines can be attributed to 

climate change is unknown. Although birds have attracted considerable attention (see Møller 

et al. 2010 for a review of climate change impacts on birds), they are difficult subjects 
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because of certain aspects of their biology (e.g., long-distance migration). For most species 

we lack a mechanistic understanding of their population dynamics (e.g., how food resources 

affect vital rates, Gilg et al. 2009). One exception is research on Red Knots (Calidris canutus 

islandica) in Europe, which has documented a causal link between food resource availability 

and shorebird survival (Kraan et al. 2009). Long-term mark-recapture-resighting studies, point 

counts, and high-resolution benthic-mapping, as well as a comprehensive understanding of 

Red Knot foraging strategies have allowed researchers to determine that the 44% decrease in 

abundance from 1996-2005 resulted from human overexploitation of benthic invertebrate prey 

(Kraan et al. 2009). 

The South Hills Crossbill is a member of the Red Crossbill (Loxia curvirostra) 

complex, for which previous studies demonstrate a clear link between food resources and 

population dynamics (Benkman 1987, 1990; Smith and Benkman 2007; Benkman et al. 

2012). South Hills Crossbills (hereafter, crossbills) are found on two small mountain ranges in 

southern Idaho and almost exclusively consume seeds from closed or partially closed 

serotinous lodgepole pine (Pinus contorta var. latifolia) cones (Benkman et al. 2009); an 

estimated 92% of the cones in the South Hills are serotinous (Benkman and Siepielski 2004) 

and generally remain closed until heated. Furthermore, crossbills are the main predator of 

seeds in lodgepole pine cones in the South Hills (Benkman et al. 2013). Serotinous cones 

accumulate in the canopy because pine squirrels (Tamiasciurus sp.), which remove entire 

cones while foraging, are absent. As cones weather the seeds gradually become available to 

crossbills creating a stable and consistent seed supply (Benkman et al. 2012). Crossbills 

forage especially on serotinous cones that have been exposed to five or more years of 

weathering, which weakens the resinous bonds between the scales, making them easier for 
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crossbills to pry open and extract the seeds (Benkman et al. 2003). In the absence of other 

regulatory mechanisms (e.g., predation and disease), we would expect a stable crossbill 

population if it were near carrying capacity and was food limited. Indeed Benkman et al. 

(2012) found a stable crossbill population between 2000 and 2002. However, population 

density of this population decreased by over 60% between 2003 and 2008 (Santisteban et al. 

2012).  

In the earlier study (Santisteban et al. 2012), the strongest climatic predictors of 

survival were spring temperature and the number of hot (≥32°C), dry (<1 mm) days over the 

previous 5 years. Over 90% of the variation in adult survival was explained by each of these 

climatic variables; survival decreased linearly with increases in both spring temperature and 

the number of hot, dry days (Santisteban et al. 2012). Although a mechanistic link between 

increasing spring temperature and declining annual survival is not obvious, an increase in 

extreme summer temperatures could cause an increase in summer cone opening and thereby 

reduce the availability of cones with weakened bonds between the scales. This in turn would 

cause a decrease in seed availability to crossbills outside of late summer causing the decline in 

adult annual survivorship (Santisteban et al. 2012). If this hypothesis is true, then the future of 

South Hills Crossbills may be tenuous as extreme summer temperatures are expected to 

increase in frequency across the U.S. in future decades (Karl et al. 2009, Duffy and Tebaldi 

2012). Furthermore, multiple studies predict that lodgepole pine will be extirpated from 

southern Idaho and the South Hills before or by the end of the century with expected increases 

in annual temperatures (Thompson et al. 1998, Rehfeldt et al. 2006, Coops and Waring 2011). 

South Hills Crossbills cannot simply migrate north to other areas of lodgepole pine because 

the lodgepole pine and crossbill in the South Hills are uniquely adapted to each other through 
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a coevolutionary arms race that has occurred in the absence of the pine squirrel (Benkman 

1999; Benkman et al. 2001, 2009, 2013). 

Our goal was to use four additional years of point-count and mark-recapture-resighting 

data (>50% increase in data over Santisteban et al. 2012) to determine if the crossbill 

population has continued to decline and whether variation in annual adult survival is best 

explained by spring temperature or hot, dry summer days. In addition, Santisteban et al. 

(2012) presented data on annual cone production indicating that cone crops have decreased 

over time and may be contributing to the decline in crossbills. Because a decline in annual 

cone production is a plausible response to increasing temperatures and the associated increase 

in drought (Santisteban et al. 2012), we present new data and analyses of annual cone 

production to test this alternative hypothesis. 

METHODS 

Study site.—The South Hills (42°10’6.8” N, 114°15’52.5” W) encompass 1530 km2 and are 

located in south-central Idaho just north of the border with Nevada and Utah. Elevation ranges 

from 1277 to 2457 m. Vegetation is patchy with islands of coniferous forest, including 65 km2 

of lodgepole pine, surrounded by sagebrush and grass communities. The majority (59%) of 

precipitation in the South Hills falls as snow in the winter months. Summers are dry (an 

average of 8 cm annually from 1981 to 2010) with relatively few thunderstorms. 

Temperatures range from an average high of 27˚C in the summer to -10˚C in the winter. 

Distance sampling.—Ten-minute point count surveys targeting the South Hills 

Crossbill were conducted annually? in late July or August from 2003 to 2012. This is when 

most of our banding efforts occurred and is after most young crossbills have fledged. Surveys 
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were conducted between dawn and 1100 on days without high wind (<4 on the Beaufort 

scale) or precipitation. The point-transects (n = 74) were placed in a stratified-random manner 

with respect to cover type and stand age. All points were located within lodgepole pine forest 

across the South Hills, and most (n = 67; 90%) of the points were located in mature stands. 

Density estimates are therefore restricted in inference to the area sampled because the point 

counts are not located randomly with respect to forested areas of all age classes and stand 

density (Buckland et al. 2001, Thomas et al. 2010).  

Distance sampling has three assumptions: (1) objects at zero distance are always 

detected, (2) objects are detected at their initial distance and before they respond to an 

observer, and (3) distances are accurately measured (Buckland et al. 2001). Crossbills 

vocalize frequently both while in flight and at rest, and they provide additional cues while 

foraging (e.g., cracking cones, dropping seeds to the ground) such that assumptions 1 and 2 

are readily met. This is especially true in late summer when crossbills often occur in small 

family groups. Because crossbills were often in groups (i.e., clusters) of two or more 

individuals, we recorded both cluster size and distance to the center of the cluster at the point 

of initial detection. Assumption 3 was accounted for by measuring exact distances with a laser 

range finder in all years except 2003 when birds were placed into distance categories (i.e., 0-

25 m, 25-50 m, and 50+ m). For 2003, the mid-point of observations for each bin were used 

for analysis (Buckland et al. 2001). In addition, crossbills flying overhead during surveys 

were excluded from the analyses because the duration of point counts is relatively long (10 

min) for this species, which flies long distances between foraging areas and water sources, 

and because detection is higher for birds in flight and this creates an upward bias in 

abundance estimates (Buckland et al. 2001). Flyover birds were recorded separately for all 
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years except 2009; consequently, we did not include data from 2009 in the analyses. A total of 

561 clusters recorded on 666 point-transects surveyed in 2003-2008 and 2010-2012 were used 

to estimate density.  

Program DISTANCE (version 6.0; Thomas et al. 2010) was used to estimate density. 

Distances were pooled into five equal-sized bins to get the best-fitting detection function and 

to reduce heaping (Buckland et al. 2001). Heaping, when distances are disproportionately 

assigned to certain distances (e.g., 30, 35, 40 m), occurred in 2003 before a laser range finder 

was used. Observations were truncated where the best-fitting detection function was 

approximately equal to 0.10 (Buckland et al. 2001), which was 88 m. Detection probability 

and cluster size were modeled first to determine if global or yearly estimates should be used. 

The most parsimonious model within 10 BIC (Bayesian Information Criterion) points was 

used for modeling density, which was a global estimate for both detection probability and 

cluster size. BIC was used instead of AIC (Akaike Information Criterion) because we knew a 

priori that a global detection function and cluster size were important from a previous 

analysis (Santisteban et al. 2012) and we wanted to penalize extra parameters in the yearly 

models more heavily (Burnham and Anderson 2004). We tested a range of models using the 

half-normal, negative exponential, and hazard-rate key functions with cosine, simple 

polynomial, and hermite polynomial expansions. The most parsimonious model within 10 

BIC points was a half-normal key function with no expansion, and was selected for density 

estimation. The Chi-square goodness-of-fit test for this model indicated suitable fit (χ2 = 

3.17, df = 3, P = 0.37). 

Survival analysis.—Mark-recapture-resighting methods were used to estimate 

apparent annual survival (Amstrup et al. 2005). Crossbills were captured with mist nets and 
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banded between 0600 and 1300 h during several weeks to several months from mid-May to 

the end of August each summer from 2000 to 2012. Crossbills were captured while coming in 

to live decoys, water, charcoal or salt. Crossbills were aged, sexed, and examined for the 

presence of scaley-leg mites (Knemidokoptes jamaicensis Turk; Benkman et al. 2005). 

Juveniles received only a metal U.S. Fish and Wildlife Service band, adults without mites 

were banded with a metal band and unique combination of colored plastic bands, and mite-

infested birds were given only colored plastic bands. Juveniles recaptured in subsequent years 

were given a unique combination of colored plastic bands. Each year birds were recaptured as 

part of banding efforts. Resighting efforts took place at the banding site and around the South 

Hills using spotting scopes and binoculars (see Santisteban et al. 2012), and since 2010 a 

wildlife camera trap (Wingscapes™ Birdcam 2.0) at the banding site. We used only adult 

birds in the analysis because of differential capture probability between adults and juveniles 

(i.e., juveniles can only be recaptured and not resighted in the field and the proportion of birds 

recaptured versus resighted increased over time), and because adult survival is often the most 

important vital rate for population growth (Crone 2001). 

Data exploration showed that birds that suffered from a ruptured air sac or wing strain 

upon capture (n = 42), and later released, were never seen again. Thus, these birds were 

excluded from the survival analyses. Also excluded were birds that had been released 

following captive experiments (e.g., Snowberg and Benkman 2009). Only adults known to be 

of the South Hills call type were included. The capture histories of the remaining birds (n = 

1861) were used to define an appropriate starting model using sex and mite status as grouping 

variables with a Cormack-Jolly-Seber model (Lebreton et al. 1992). However, none of these 

models passed goodness-of-fit testing with program RELEASE (version 3.0; Burnham et al. 
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1987) or program U-CARE (version 2.4.2; Choquet et al. 2005). After removing birds with 

mites, which were known to occasionally lose markers in recent years and did not differ in 

survival from non-mite birds in the most recent analyses (Santisteban et al. 2012), we reran 

potential starting models with only sex as a grouping variable. The model fit improved such 

that the overall test and individual group tests passed goodness-of-fit testing using program 

RELEASE. We used a fully time-dependent Cormack-Jolly-Seber model with sex as a 

grouping variable for subsequent survival analysis. The data (n = 1238 individuals) were 

adjusted for overdispersion using the highest value of estimated ĉ (based on estimates of ĉ 

from RELEASE, U-CARE, and median-c in MARK) from program U-CARE of 1.24. 

Apparent survival (Φ) and capture probabilities (p) were estimated using the RMark 

(version 2.1.3; Laake et al. 2012) interface of program MARK (version 6.1; White and 

Burnham 1999) in R (version 2.15.2; R Core Team 2012). Patterns in capture probability were 

modeled first so that the maximum number of parameters remained to estimate survival 

(Lebreton et al. 1992). The top model for capture probability when survival was held constant 

was then used to model patterns in survival probability. Lastly, we model averaged across all 

models to get the best annual estimates for apparent survival and capture probability 

(Burnham and Anderson 2002).  

Climate and survival.—Climate data from a US Department of Agriculture Natural 

Resource Conservation Service climate station (SNOTEL) located approximately 2 km from 

the main banding area (site 610, Magic Mountain) were used to derive the climate covariates 

in the survival analysis (Table 1) and are the same covariates used previously (Santisteban et 

al. 2012). Note that the hot (≥32°C), dry (<1 mm) days covariate starts with the year at the 

beginning of a survival period and includes the number of hot, dry days in the previous 1 to 5 
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years using three moving-average models. The moving-average models included one 

unweighted average and two weighted averages where the weight decreased by 50% or 33% 

from year-to-year. Air temperature and precipitation have been continuously collected at this 

SNOTEL site since 1989. To model different climate covariates, we used a departure model 

consisting of the survival and recapture models with the most support from the survival 

analysis. Each of the climate covariates was substituted for time in separate models so as to 

avoid multicollinearity issues. A standardized effect size measure was calculated for each 

climate covariate using R2_Dev (Grosbois et al. 2008). This statistic represents the portion of 

variation in apparent survival explained by the climate covariate and is calculated as: 

𝑹𝟐_𝑫𝒆𝒗 =   𝑫𝒆𝒗 𝑭𝒄𝒔𝒕   !  𝑫𝒆𝒗(𝑭𝒄𝒐𝒗)
𝑫𝒆𝒗 𝑭𝒄𝒔𝒕   !  𝑫𝒆𝒗(𝑭𝒕)

 , 

where Dev(Fcst) is the deviance of the model with constant survival, Fcov is the model where 

survival varies by the climate covariate, and Ft is the model where survival varies with time. 

Population projection.—We used a simple life table to predict changes in population 

density based on the estimated apparent adult survival to determine whether variation in 

apparent survival could account for the patterns of variation in population density over time. 

Annual adult survival was set to 0.68 (mean of apparent annual survival before 2004), 

juvenile survival at 0.14, and fecundity to 2.4 such that population growth (λ) equaled 1, as 

done previously (Santisteban et al. 2012). Model-averaged yearly survival estimates for 

females were then used to estimate annual λ values to project successive changes in 

population density while keeping female fecundity and juvenile survival constant. We 

assumed that the sex ratio of the population was 50:50 and that survival rates of males did not 

differ from those for females. The confidence intervals for the projected population densities 
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were based on the 95% confidence intervals associated with each year’s annual female 

survival estimate. Predicted density is projected annually based on observed density in 2003. 

Cone productivity.—Annual cone crops were estimated by counting the number of 

cones between age scars on five branches from each of 26 trees for a total of 130 branches. 

Because it is difficult to accurately count cones in the crowns of live lodgepole pines, we used 

fallen, wind-thrown trees haphazardly encountered throughout the South Hills in the summer 

of 2011. Trees had to have fallen recently such that needles retained some green color and 

branches were not so brittle as to break upon touch. Trees also had to be mature (>20 cm in 

diameter at breast height). The five branches were randomly selected from the top three 

meters of the crown of the tree and had to support at least 10 years of cones. Only fully 

developed cones were used in the analysis.  

Cones were aged by counting age scars backwards from the tip of the branch with the 

utmost tip of the branch being the year of the survey (i.e., 2011). The number of cones per age 

class was counted only as far back on each branch as age scars were discernable. Santisteban 

et al. (2012) estimated successive years of cone production as the number of cones in each 

successive whorl of cones. Although this measure should not result in a bias over time, it is 

not as accurate a measure of annual cone production as counting the number of cones between 

annual growth scars. 

RESULTS 

Distance sampling.—Density estimates started at a high of 277 birds/km2 in 2003 and steadily 

declined to a low of 47 birds/km2 in 2011 with a slight increase in 2012 to 71 birds/km2 (Fig. 

1). This was a loss of 206 birds/km2 (a rate of approximately -14% annually) over the study 
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period. A second-order polynomial regression between density and year provided a better fit 

to the data (Density = 123.23 - 26.76*Year + 2.81*Year2, F = 214.5, df = 2 and 6, P < 0.001, 

R2 = 0.98, AICc = 82.43) than a linear regression (Density = 147.46 - 23.60*Year, F = 69.11, 

df = 1 and 7, P < 0.001, R2 = 0.91, AICc = 92.30).  

Survival analysis.—Variation in capture probability was best explained using an 

additive model of time and sex ({p(time + sex)}; Table 2). Using this capture model to 

estimate survival yielded two competing models (Table 3) each with a ∆QAICc value <2 and 

approximately 35% of the support. We therefore calculated model-averaged survival and 

capture probabilities, excluding the last time-step, as it is inestimable (Tables 4 and 5). Note 

that even though the top two models do not include sex as a variable for survival, we 

conducted model averaging across all models and because some models include sex the 

survival estimates are different for males and females. There was no detectable trend in 

annual apparent survival over the study period (linear regression, P = 0.36; Fig. 2). The 

difference between apparent male and female survival in the best-supported model that 

included sex {Φ(time + sex)} was 1.3% or less, with females exhibiting the same or nearly 

the same estimated apparent annual survival rates as males in all years (Table 4). 

Climate and survival.—We investigated patterns in climate effects using a starting 

model of {Φ(time)p(time + sex)}. The two best climate models, mean temperature in the 

nonbreeding season (September - March) and the 5-yr unweighted average of the number of 

hot, dry days, accounted for 85% of the total weight and each explained over 50% of the 

variation in survival using a standardized effect size measure (R2_Dev; Table 6). These results 

indicate annual adult survival declined as temperatures increased (Fig. 3: F = 10.85, df = 1 

and 9, P < 0.009, β = −0.045 ± 0.01, R2 = 0.55; Fig. 4: F = 9.8, df = 1 and 9, P < 0.012, β = 
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−0.045 ± 0.01, R2 = 0.52). In contrast to earlier results (Santisteban et al. 2012), spring 

temperature (MSPR) was no longer a top model (∆QAICc = 7.56) and it accounted for less 

than half the variance in survival as the top two models (Table 6). 

Population projection.—The large overlap in the confidence intervals for the observed 

and projected estimates of crossbill densities (Fig. 1) indicate that the decline in annual adult 

survival alone is sufficient to have caused the observed reduction in crossbill population 

density. Based on the relatively higher survival estimates prior to 2003 (Fig. 2) and relatively 

stable density estimates during earlier surveys (2000-2002; Benkman et al. 2012), we suspect 

that the population decline began after the summer of 2003. 

Cone productivity.—We counted 2164 cones between one and 15 years of age on 130 

branches from 26 trees. The number of cones produced per branch per year showed no linear 

trend over time (Fig. 5; t = 1.45, df = 14, P = 0.17). The mean number of cones produced per 

branch per year was 1.2 ± 0.06 SE. 

DISCUSSION 

The density of South Hills Crossbills declined by approximately 75% in the last nine years. In 

this study, we were able to link this decline to climate change based on an understanding of 

crossbill foraging ecology and how food resources limit their population. We found a strong 

inverse relationship between adult survival and temperature. Given projections for a warmer 

climate, we expect the population will decline further. Here we discuss the limitations of our 

study, future research needs, and possible management actions to prevent this species from 

going extinct. 
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The density of crossbills declined in the South Hills between 2003 and 2011, and 

much of this reduction can be accounted for by lower adult survival rates (Fig. 1). While there 

was a small increase in density from 2011 to 2012, we do not know whether this was due to 

observer bias (McClintock et al. 2010) or was a real phenomenon. There were four observers 

over the study period with three observers conducting the survey in a single year during the 

last three years. Furthermore, no double observer surveys were conducted, which makes it 

difficult to account for the different detection probabilities of each observer. Future surveys 

conducted by the same observer are needed to determine future population trajectories more 

accurately. However, we feel confident in our results given that we employed the same 

methodology used previously and found similar results (Santisteban et al. 2012), and the 

decline was independently predicted using mark-recapture-resighting methods combined with 

a life table analysis (Fig. 1). If the slightly higher survival rate found in 2010-2011 (compared 

to the previous seven years; Fig. 2) continued into 2012, this could account for the increase in 

population density in 2012 (Fig. 1). 

In addition to a declining population we found a strong link between a warming 

climate and adult crossbill survival, as did Santisteban et al. (2012). Based on 13 years of 

data, we were able to show that warmer temperatures can explain over 50% of the annual 

variation in adult survival. In fact, all but three of the 17 climate covariates we tested had 

more support than a simple time-effect model (Table 6). In contrast to the previous study 

(Santisteban et al. 2012), spring temperature had only moderate AIC support and half the 

value of R2_Dev as the two best models. It is difficult to envision why increasing spring 

temperature would adversely affect crossbills (Santisteban et al. 2012), and our results now 

indicate that this model can be discarded. Increasing nonbreeding temperatures replaces 
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spring temperature as the top model (Table 6). The one model for which we have a 

mechanism, the number of hot, dry days (Santisteban et al. 2012), continues to perform as one 

of the top two well-supported models. We hypothesize that exceptionally high temperatures 

(≥32°C) are causing the serotinous cones to open mostly in the summer instead of more 

gradually and continuously weathering and opening year round, which results in increased 

seed availability in late summer but reduced seed availability to crossbills during the rest of 

the year (Benkman et al. 2012, Santisteban et al. 2012). While it is biologically sensible that 

warmer temperatures are indirectly causing a decline in adult crossbill survival (Santisteban et 

al. 2012), it creates conservation concern. The predictions for warmer temperatures in the 

United States (Karl et al. 2009), and especially extreme summer temperatures (Duffy and 

Tebaldi 2012), indicate that crossbills will continue to experience reduced survival in the 

future.  

The South Hills of Idaho experienced more hot days in the 2000s than over the 

previous decade (Fig. 6), and anecdotal evidence indicates that an increasing proportion of 

cones opened during this warming trend (C. Benkman pers. obs.). Although we tend to 

associate opening of serotinous cones with the high temperatures of crown fires (Tower 1909, 

Crossley 1956, Lotan 1976), warm and dry conditions can also induce cones to open. For 

example, 59% of the canopy seed bank was lost in Aleppo pine (Pinus halepensis) following 

warm, dry conditions in the Mediterranean (Nathan et al. 1999), while 15% of the total 

canopy seed loss over six years in lodgepole pine in British Columbia was attributed to cone 

opening caused by warm temperatures and sun exposure (Teste et al. 2011). Warmer 

temperatures from a changing climate will potentially lead to increased seed release from 
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serotinous cones during summer, creating a deficit in the number of seeds available for 

crossbills during the non-summer months (see Benkman et al. 2012). 

Trends in annual cone productivity (the number of cones produced annually by 

lodgepole pine) could counteract or exacerbate the link between warmer temperatures and 

crossbill survival. If more (serotinous) cones are produced over time, there may be enough of 

an increase in the cone crop to compensate for warmer temperatures and increased cone 

opening. On the other hand, if fewer cones are produced over time, and more of them open 

from warmer temperatures, there would be a faster decline in crossbill carrying capacity and a 

sharper decline in their density (Benkman et al. 2012, Santisteban et al. 2012). Although 

Santisteban et al. (2012) reported a reduction in cone production between 1991 and 2007 we 

did not detect a decline (Fig. 5). We do not have an explanation for the contrasting results 

between the two studies. However, we believe that our sampling more accurately represents 

annual cone production, and that our results are encouraging although additional sampling of 

cone production is warranted.  

Our study is limited to the exploration of links between climate and adult survival. We 

recognize that other vital rates such as fecundity and juvenile survival are important in 

population dynamics. We captured juvenile crossbills throughout the study, but the recapture 

rate of juveniles was low (16%) and reliable annual estimates of juvenile survival were 

difficult to obtain. We did not measure fecundity during this study. However, a population 

viability analysis based on data from 2001 to 2007 (unpubl. data) showed elasticity values for 

adult survival to be the most important of these variables (0.53-0.79 for adult survival 

compared to a range of 0.21-0.47 for juvenile survival and fecundity), indicating that adult 

survival is the most important vital rate in this population. Indeed, adult survival appears to 
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have the highest elasticity of any population vital rate for birds (Sæther and Baake 2000) and 

other taxa (Crone 2001).  

We also did not have enough confidence in the permanence of our colored bands on 

birds with scaley-leg mites to include them in the present study. Older color bands required 

acetone to seal the band on the legs of the birds while more recent versions only required 

pinching by hand. We observed a number of birds that had lost at least one of their colored 

bands, possibly intentionally removed by the crossbills. Birds without mites had a metal band 

on one leg that could not be removed, and this allowed us to accurately identify them on 

successive captures. Birds with mites constituted between 20 and 40% of the population over 

the study period and, therefore, it is important to know if the survival rates differed between 

mite and non-mite birds. Santisteban et al. (2012) included mite-infected birds in their 

analyses before the non-acetone sealed bands were used. These authors found no difference in 

survival between mite and non-mite birds. Thus, we feel that our current results are robust and 

applicable to all adult South Hills Crossbills. 

Few studies have identified plausible biological mechanisms by which increasing 

temperatures affect populations (Cahill et al. 2012). Here, we describe a proximate cause by 

which climate change contributes to the decline of a bird species through a reduction in 

available food resources. Our results support the hypothesis that the South Hills Crossbill is 

declining because the serotinous pine cones on which they rely as their sole food resource are 

opening and dropping their seed in warmer conditions, making the seed unavailable. We show 

that warmer temperatures are associated with lower crossbill survival (Figs. 4 and 5) and 

conclude that climate change and predictions of more extreme summer temperatures (Duffy 

and Tebaldi 2012) pose an important risk for the future survival of this species.   
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The 14% annual rate of decline of crossbills is cause for concern. To put this in 

perspective, other North American bird species of conservation concern such as the Cerulean 

Warbler (Setophaga cerulea), Bicknell’s Thrush (Catharus bicknelli), and Rusty Blackbird 

(Euphagus carolinus), have annual rates of decline of 3%, 7-19%, and >10%, respectively 

(BirdLife International 2012a, b, c). Each of these species has declined at such an alarming 

rate that working groups have developed to foster targeted conservation efforts for each (e.g., 

IBTCG 2010) and both the warbler and thrush have been proposed for federal listing status as 

threatened or endangered in the U.S. Our best information suggests that the crossbill did not 

begin to decline until 2003. Even though our data are limited to the South Hills of Idaho and 

the crossbill is also found in the nearby Albion Mountains (approximately 30 km to the east), 

we suspect that the same decline has occurred in both locations and thus across the entire 

range of this species based on similar habitat and weather conditions. Because this species is 

endemic to a very isolated range and has a small, declining population, it is highly vulnerable 

to extinction (Santisteban et al. 2012).  

One of the few actions that can be taken to prevent the likely extinction of South Hills 

Crossbills is to plant more lodgepole pine within the current crossbill range. We recommend 

planting seedlings in cooler locations (e.g., higher elevations, northern aspects) so that cones 

are less likely to experience warmer temperatures and open prematurely. We also recommend 

that only the local genotype of lodgepole pine be planted given the unique structure of the 

cones in the area (Benkman 1999). Given that lodgepole pine does not produce serotinous 

cones until at least 15 years of age (Turner et al. 2007), this is a long-term solution that should 

be implemented as soon as possible. Although nearly the entire range of this bird occurs on 

U.S. Forest Service lands (Benkman et al. 2009) and the U.S. Forest Service has the 
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landowner rights and skill needed for such an undertaking, it is uncertain whether it would be 

sufficient to prevent the extinction of the South Hills Crossbill. The success of such an effort 

may be limited if no action to curb greenhouse gas emissions is concurrently implemented. 
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TABLE 1. Climate covariates used to explain variation in annual survival estimates (summer in 
year t to summer in year t + 1). 

Variable Variable definition 

NHOT(X) number of hot (≥32°C), dry (<1 mm) days over the previous X years where 

X was 1 (year t), 2, 3, 4, or 5 years (unweighted lags) 

NHOT(X).w5 number of hot (≥32°C), dry (<1 mm) days as above with a 50% year-to-year 

decline in weight 

NHOT(X).w33 number of hot (≥32°C), dry (<1 mm) days as above with a 33% year-to-year 

decline in weight 

MSPR mean spring (March - May) temperature (°C) in year t  

MSUM mean summer (June - August) temperature (°C) in year t 

MANN mean annual temperature (°C) from 1 July in year t to 30 June in year t + 1 

MNBY mean temperature (°C) in non-breeding year from 1 September in year t to 

31 March in year t + 1 

NCW number of cold (<5°C), wet (>1 mm) days over the survival interval 
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TABLE 2. Model rankings for capture probability (p) when survival probability (Φ) is held 
constant at the most general model Φ(time * sex).  

Model QAICc ∆QAICc w K  Deviance 

Φ(time * sex)p(time + sex) 2923.49 0.00 0.93 36  336.37 

Φ(time * sex)p(sex) 2928.98 5.50 0.06 26  362.51 

Φ(time * sex)p(time * sex) 2932.03 8.55 0.01 45  326.14 

Φ(time * sex)p(time) 2937.68 14.20 0.00 35  352.64 

Φ(time * sex)p(1) 2940.80 17.31 0.00 25  376.38 

Columns represent quasi-Akaike Information Criterion with small sample correction (QAICc), 
QAICc differences (∆QAICc), normalized QAICc weights (w), number of parameters (K), and 
model deviance.  
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TABLE 3. Model rankings for survival probability (Φ) when capture probability (p) is held 
constant at p(time + sex). 

Model QAICc ∆QAICc w K Deviance 

Φ(time)p(time + sex) 2917.70 0.00 0.36 25 353.28 

Φ(1)p(time + sex) 2917.75 0.06 0.35 14 375.79 

Φ(time + sex)p(time + sex) 2919.71 2.01 0.13 26 353.24 

Φ(sex)p(time + sex) 2919.78 2.09 0.13 15 375.79 

Φ(time * sex)p(time + sex) 2923.49 5.79 0.02 36 336.37 

Columns represent quasi-Akaike Information Criterion with small sample correction (QAICc), 
QAICc differences (∆QAICc), normalized QAICc weights (w), number of parameters (K), and 
model deviance.  
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TABLE 4. Model-averaged annual estimates of survival probability (Φ) for females and males. 

  Female  Male 

Year Estimate SE LCL UCL  Estimate SE LCL UCL 

2000-2001 0.63 0.11 0.41 0.80  0.63 0.11 0.41 0.81 

2001-2002 0.73 0.13 0.42 0.91  0.73 0.13 0.43 0.91 

2002-2003 0.68 0.09 0.50 0.83  0.68 0.08 0.50 0.82 

2003-2004 0.57 0.07 0.43 0.69  0.56 0.07 0.43 0.69 

2004-2005 0.62 0.07 0.48 0.74  0.61 0.06 0.50 0.72 

2005-2006 0.60 0.07 0.47 0.72  0.60 0.06 0.48 0.72 

2006-2007 0.57 0.06 0.45 0.68  0.57 0.06 0.45 0.68 

2007-2008 0.59 0.05 0.50 0.68  0.59 0.04 0.50 0.67 

2008-2009 0.64 0.05 0.53 0.73  0.64 0.05 0.54 0.72 

2009-2010 0.57 0.05 0.46 0.67  0.57 0.05 0.46 0.67 

2010-2011 0.67 0.09 0.48 0.82  0.68 0.09 0.48 0.82 

Columns represent the mean of the estimate (Estimate), standard error (SE), and the 95% 
lower (LCL) and upper (UCL) confidence limits.  
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TABLE 5. Model-averaged annual estimates of capture probability (p) for females and males. 

  Female  Male 

Year Estimate SE LCL UCL  Estimate SE LCL UCL 

2001 0.68 0.19 0.29 0.92  0.82 0.13 0.46 0.96 

2002 0.81 0.09 0.56 0.93  0.90 0.05 0.73 0.97 

2003 0.85 0.08 0.63 0.95  0.93 0.04 0.79 0.98 

2004 0.41 0.07 0.28 0.56  0.60 0.08 0.45 0.74 

2005 0.45 0.07 0.31 0.59  0.64 0.07 0.49 0.76 

2006 0.38 0.07 0.26 0.52  0.57 0.07 0.43 0.70 

2007 0.42 0.07 0.30 0.56  0.61 0.06 0.48 0.73 

2008 0.59 0.07 0.46 0.72  0.76 0.05 0.64 0.85 

2009 0.53 0.06 0.41 0.64  0.71 0.05 0.61 0.79 

2010 0.49 0.06 0.37 0.61  0.67 0.06 0.55 0.77 

2011 0.54 0.08 0.38 0.70  0.72 0.06 0.58 0.83 

Columns represent the mean of the estimate (Estimate), standard error (SE), and the 95% 
lower (LCL) and upper (UCL) confidence limits.  
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TABLE 6. Model rankings for climate models using a starting model of {Φ(time)p(time + 
sex)}. 

Model QAICc ∆QAICc w K Deviance R2_Dev 

Φ(MNBY)p(time + sex) 2906.58 0.00 0.59 15 362.58 0.59 

Φ(NHOT5)p(time + sex) 2908.23 1.66 0.26 15 364.24 0.51 

Φ(NHOT4)p(time + sex) 2910.74 4.16 0.07 15 366.74 0.40 

Φ(NHOT5.w33)p(time + sex) 2913.74 7.16 0.02 15 369.75 0.27 

Φ(MSPR)p(time + sex) 2914.14 7.56 0.01 15 370.14 0.25 

Φ(NHOT4.w33)p(time + sex) 2914.76 8.18 0.01 15 370.76 0.22 

Φ(NHOT5.w5)p(time + sex) 2915.86 9.28 0.01 15 371.87 0.17 

Φ(NHOT4.w5)p(time + sex) 2916.17 9.59 0.00 15 372.18 0.16 

Φ(NHOT3)p(time + sex) 2916.44 9.86 0.00 15 372.45 0.15 

Φ(NHOT3.w33)p(time + sex) 2916.73 10.15 0.00 15 372.73 0.13 

Φ(NHOT3.w5)p(time + sex) 2916.99 10.41 0.00 15 372.99 0.12 

Φ(MSUM)p(time + sex) 2917.08 10.50 0.00 15 373.09 0.12 

Φ(NHOT)p(time + sex) 2917.53 10.95 0.00 15 373.53 0.10 

Φ(NHOT2.w5)p(time + sex) 2917.61 11.03 0.00 15 373.62 0.09 

Φ(time)p(time + sex) 2917.70 11.12 0.00 25 353.28 1.00 

Φ(NHOT2.w33)p(time + sex) 2917.72 11.14 0.00 15 373.72 0.09 

Φ(NHOT2)p(time + sex) 2917.94 11.36 0.00 15 373.94 0.08 

Φ(NCW)p(time + sex) 2919.73 13.15 0.00 15 375.74 0.00 

Columns represent quasi-Akaike Information Criterion with small sample correction (QAICc), 
QAICc differences (∆QAICc), normalized QAICc weights (w), number of parameters (K), 
model deviance (Deviance), and the fraction of temporal variation in survival accounted for 
by each climate covariate (R2_Dev).   
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FIG. 1. The density of crossbills based on distance sampling declined by over 80 percent from 
2003 to 2011, with a slight increase in 2012. The fitted line is a second-order polynomial 
regression (Density = 123.23 - 26.76*Year + 2.81*Year2, F = 214.5, df = 2 and 6, P < 0.001, 
R2 = 0.98). Density estimates derived from 10-min point count surveys (filled circles) are 
shown along with 95% confidence intervals. The annual density estimates predicted from 
adult survivorship (open circles) track the observed decline. Predicted density is based on 
observed density in 2003 and was calculated with a simple life-table model (see text). 
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FIG. 2. Model-averaged apparent survival did not vary linearly over time (P = 0.36). Only 
female survival is shown because male survival is nearly identical. 
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FIG. 3. Model-averaged apparent female survival decreased with increases in mean 
temperature in the non-breeding season (September – March; F = 10.85, df = 1 and 9, P < 
0.009, β = −0.045 ± 0.01, R2 = 0.55). 
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FIG. 4. Model-averaged apparent female survival decreased with increases in the number of 
hot, dry days with a 5-year unweighted time lag (F = 9.8, df = 1 and 9, P < 0.012, β = −0.039 
± 0.01, R2 = 0.52). 
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FIG. 5. Annual cone production did not vary linearly between 1997 and 2011. Numbers above 
the error bars indicate the number trees sampled in that year and numbers below indicate the 
number of branches sampled.  
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FIG. 6. The number of hot (≥32°C), dry (<1 mm precipitation) days in the South Hills 
increased in the early-2000s, and then decreased to pre-2000 levels in the last few years. 
Temperature data are from Magic Mountain (NRCS SNOTEL site 610). 
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