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Research Article
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ABSTRACT

We developed an approach to distinguish among three alternative strategies birds may employ 

relating the timing of egg-laying across elevations to annual variation in spring temperature 

(phenological reaction norms), which we applied to analyze breeding phenology of two species 

over an elevational gradient in the Sierra Nevada, California. In a “simple offset” strategy, birds 

at different elevations initiate breeding relative to environmental temperature in a consistent 

manner, in that breeding onset is triggered by a critical temperature regardless of when it occurs 

in the spring.  Elevation-specific reaction norms based on multiple years are offset (high-

elevation birds start breeding later) but parallel.  In a “delay” strategy, in cooler springs 

populations at higher elevations that are sensitive to early-season weather-related risks delay 

laying onset relative to those at lower elevations, yielding a high-elevation reaction norm that 

diverges from a low-elevation one at cooler temperatures. Conversely, high-elevation 

populations in cooler springs that are sensitive to the risk of having insufficient time to complete 

a breeding cycle advance laying onset relative to lower populations (“advance” strategy), 

yielding a high-elevation reaction norm than converges with a low-elevation one.  Both delay 

and advance strategies imply an elevation-dependent interaction between temperature and date 

(photoperiod) in influencing laying onset.  Examined across three elevation groupings, 

phenological reaction norms of Mountain Chickadees (Poecile gambeli) were essentially 

parallel, consistent with simple offset, whereas Dusky Flycatchers (Empidonax oberholseri) 

relationships were more complex. In cooler springs, mid-elevation flycatchers bred 

comparatively late relative to lowest-elevation birds (delay), implying greater sensitivity to early 

season risks, but still with sufficient time to complete a breeding cycle. However, high-elevation 
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flycatchers bred comparatively early relative to mid-elevation populations (advance); delaying at 

these highest elevations may not be an option.  Our approach revealed differences in risk-

sensitivity that were consistent with other ecological differences between the two species. 

Keywords: Dusky Flycatcher, elevational gradient, lay date, Mountain Chickadee, phenological 

reaction norms, reproductive phenology, temperature and breeding onset, timing of reproduction

LAY SUMMARY

 Birds at higher elevations usually begin laying later than those at lower elevations mainly

because temperatures that cue breeding occur later at higher elevations.  And spring 

storms that bring rain to lower elevations may produce snow at higher ones, which might 

favor delaying breeding even longer.  However, with shorter breeding seasons at higher 

elevations, delaying breeding risks running out of time to complete the breeding cycle, 

favoring relatively earlier laying.

 Dusky Flycatchers in southern Sierra Nevada demonstrate both responses, depending on 

elevation:  compared to lowest elevations, mid-elevation birds delayed breeding in cooler

years, whereas highest-elevation birds advanced lay dates in cooler years compared to 

mid-elevations; delaying may not be an option.

 No such risk-sensitivity was observed in Mountain Chickadees, where differences across 

elevations in first egg dates were constant.  Cavity-nesting and other ecological attributes 

3

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43



of chickadees likely buffer them from risks to which open cup-nesting flycatchers are 

more susceptible.

INTRODUCTION

The timing of breeding is an important component of life history strategy for organisms because 

it influences many aspects of reproductive success. In bird species that nest in northern temperate

regions, clutch size, fledging success, and/or other fitness components often decline across the 

breeding season (Perrins and McCleery 1989, Winkler and Allen 1996, Brown and Brown 1999, 

Verhulst and Nilsson 2008, Wiebe and Gerstmar 2010, Winkler et al. 2020). Offspring from 

nests initiated comparatively late within a season may have lower first-year return rates or 

apparent survival (Verhulst et al. 1995, Brown and Brown 1999, Dolan et al. 2009) and/or these 

offspring may themselves have reduced reproductive success (Visser and Verboven 1999). 

The initiation of breeding may be influenced by several environmental factors (reviewed 

by Chmura et al. 2019b). For example, increasing daylength is a key predictive cue in birds in 

temperate regions (Dawson 2008), but ambient temperature in spring is also important 

(Wingfield 2008, Visser et al. 2009, Drake and Martin 2018). Advances in laying date observed 

in long-term studies (Crick et al. 1997, Winkler et al. 2002, Dunn 2004, Dunn and Winkler 2010)

have corresponded with an earlier onset of warm temperatures in spring and milder winters 

(Cayan et al. 2001, Schwartz et al. 2006). There is substantial evidence that temperature can have

a direct influence on breeding initiation independent of its influence on the phenology of plants 

and insects, and, hence, food availability (Wingfield et al. 2003, Charmantier et al. 2008, Visser 

et al. 2009, Pereyra 2011, Ockendon et al. 2013, Drake and Martin 2018).  This pattern of 
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variation in lay initiation date among years as a function of spring temperature is evidence of a 

phenological reaction norm, a relationship between the timing of the expression of a trait and 

some environmental variable (Stearns and Hoekstra 2005, Chmura et al. 2019a, Inouye et al. 

2019).   Presumably, this plasticity reflects some underlying gene-by-environment interaction 

that has been naturally selected to optimize reproductive success over some range of 

environmental conditions that an organism regularly experiences.  The slope of a regression of 

lay date on temperature is indicative of the sensitivity of the former to the latter (Inouye et al. 

2019).  

In mountainous landscapes, air temperature typically decreases with increasing elevation 

as a result of adiabatic cooling (Whiteman 2000). Although topographical aspect, vegetation 

(e.g., degree of shading), and snow cover can influence small-scale temperature variation, other 

factors being equal, on a given calendar day the air temperature at a higher elevation will tend to 

be cooler than at a lower elevation (Whiteman 2000, Körner 2007).  Not surprisingly, then, in 

bird species that occupy mountainous landscapes, populations at higher elevations typically 

initiate breeding later in the season than populations at lower elevations (Bears et al. 2009, 

Camfield et al. 2010, Lu et al. 2010a, b; Koslovsky et al. 2018, Saracco et al. 2019, Bründl et al. 

2020).  Furthermore, additional environmental conditions that differ with elevation may also 

constrain the timing of breeding for birds at higher elevations compared to those that breed at 

lower ones.  At higher elevations in mid- and northern latitudes, snow may persist later into 

spring in cooler years (Koslovsky et al. 2018, Saracco et al. 2019), and conditions in early spring

can be relatively harsh due to variable weather, including fluctuating temperatures that tend to be

cold (Martin 2001).  Importantly, at higher elevations, the length of time over which conditions 

are suitable to rear a brood is shorter (e.g., a reduction in the length of the growing season, a 
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decline in plant productivity, colder temperatures during the post-fledging period as summer 

transitions to autumn).  Thus, these differences in environmental conditions that exist across a 

gradient of elevation may lead to different constraints on the timing of breeding for birds at 

higher elevations compared to those that breed at lower elevations.

Decisions about the optimal time at which to breed would thus appear to carry greater 

consequences at high elevations than at lower ones. On the one hand, the risk of failure by 

initiating breeding too early may increase with increasing elevation, because although 

temperature generally rises as the spring progresses, the occurrence of spring storms can result in

sudden and marked temperature declines that can be more severe as elevation increases. For 

example, a weather frontal passage that brings rain, or no precipitation at all, to lower elevations 

may bring snow and freezing temperatures to higher ones. Such a sudden change in conditions 

poses a greater threat to nesting success for individuals at higher elevations (Hendricks and 

Norment 1992, Martin and Wiebe 2004, Decker and Conway 2009).  However, this likely entails

a benefit/cost tradeoff, because while delaying the initiation of breeding at higher elevation may 

reduce the risk of experiencing the negative consequences of spring storms, delaying can also 

lead to an increased probability that environmental conditions deteriorate or resources become 

insufficient to complete a reproductive cycle successfully (Wilson and Martin 2008, Bears et al. 

2009).  Under such contrasting constraints, birds breeding at different elevations may differ in 

their responses to local conditions with respect to onset of reproduction, leading to differences in 

phenological reaction norms (Martin et al. 2017, Koslovsky et al. 2018, Saracco et al. 2019, 

Bründl et al. 2020).  

We identified three alternative strategies for how reaction norms describing laying 

initiation date and temperature might vary among populations breeding at different elevations.  
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These strategies differ in how a higher-elevation population responds to a “critical temperature” 

(one that triggers breeding at a lower elevation) depending on when in the spring that 

temperature occurs (i.e., there is an interaction between the triggering temperature and 

photoperiod in initiating breeding).  We initially emphasize temperature as a potential driver of 

differences in reproductive onset across elevations because it differs among elevations whereas 

photoperiod does not.  Additionally, we assume that temperature serves as a proxy for a variety 

of other ecological and climatic factors that are usually highly correlated with temperature, such 

as snow depth, that may influence breeding date (Koslovsky et al. 2018, Sarraco et al. 2019).  We

also assumed that members of a population initiate the reproductive cycle (e.g., begin egg laying)

after the ambient temperature they experience in spring reaches some critical value or threshold 

(e.g., temperature minimum, maximum, range, cumulative degree-days, sliding window 

averaged over some preceding period; Charmentier et al. 2008, Visser et al. 2009, Schaper et al. 

2012, van de Pol et al. 2016). 

The first strategy, “simple offset,” is essentially a null model of no difference in behavior 

among populations at different elevations, and is what would be expected if, within each 

elevation category, birds initiate breeding in response to the same critical temperature regardless 

of whether that temperature appears relatively early or relatively late in springtime (i.e., there is 

no within-season interaction between critical temperature and date). Within a given year, a 

higher-elevation population would experience the critical temperature later in spring than a 

lower-elevation population, and egg laying would commence later in birds at the higher 

elevation. Expanded across multiple years, regression lines (reaction norms) relating breeding 

onset to a common reference spring temperature for populations at these two different elevation 

categories would be parallel with equal slopes and different intercepts (Fig. 1A).
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The second and third strategies describe relationships if birds breeding at a higher 

elevation respond to weather-related risk differently from a low-elevation population, in either 

one of two ways: birds might either (1) avoid breeding too early when risk of exposure to 

inclement spring weather may be high, yielding a “delay” strategy, or (2) avoid breeding too late 

under increasing risk of having insufficient time to successfully complete a reproductive cycle 

due to environmental deterioration, either resource- or weather-related, leading to an “advance” 

strategy. For both  of these alternatives, we assume that for the lower-elevation population the 

critical temperature is more or less constant, as in the simple offset strategy (Fig. 1A), but that in 

the higher-elevation population the temperature that cues breeding varies with date within a 

season; that is, there is an interaction between critical temperature and day length (i.e., day of the

year) (e.g., Visser et al. 2010, Chmielewski et al. 2013, Phillimore et al. 2016, Simmonds et al. 

2019, Bründl et al. 2020). 

Considering the delay strategy (1 above), compared to a population at a lower elevation, 

initiating breeding following the occurrence of the same critical temperature may expose high-

elevation birds to a greater likelihood of subsequent adverse weather.  We might expect the 

pressure to avoid inclement weather to be greater in cooler years, since it is colder weather that 

poses a greater risk (Martin and Wiebe 2004, Martin et al. 2017, Pereyra and Sedgwick 2020).  If

so, cooler springtime temperatures might result in higher-elevation birds requiring a higher 

critical temperature to initiate egg laying, and thus laying dates between higher- and lower-

elevation birds diverging the cooler the spring. When examined over multiple years, this delay 

strategy produces diverging non-parallel regression lines with unequal slopes and y-intercepts 

(Fig. 1B).
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Whereas delaying breeding to avoid early-season risks may be a suitable strategy under 

some conditions, the advance strategy (2 above) considers sensitivity to the alternative risk, 

namely, of not breeding early enough to complete the reproductive cycle. In early spring the 

critical temperature for both higher-elevation birds and lower-elevation birds is similar, as in the 

simple offset model.  However, if the temperature is still comparatively cooler at high elevations 

later into the season (as in a relatively cool year), higher-elevation birds may be triggered to 

breed at a lower critical temperature than lower-elevation populations as the season progresses to

avoid breeding too late. In this advance strategy, regressions of annual laying initiation dates on 

springtime temperatures for higher- and lower-elevation populations would yield converging 

lines with non-parallel slopes and unequal intercepts (Fig. 1C).  As supporting material we 

provide a mathematical model consistent with the graphical framework in Figure 1 that explicitly

incorporates our assumptions about annual and elevational variation in weather (Supplemental 

Material:  Mathematical Modeling of Alternative Strategies).  

As a case study, we analyzed these strategies for two species nesting over a relatively 

steep elevation gradient in the Sierra Nevada of California, which allowed us to exploit 

temperature variation without the confounding effects of variable day length and, hence, 

photoperiod, that vary with latitude. We examined two species with different life history and 

ecological traits. One species, the Dusky Flycatcher (Empidonax oberholseri), builds an open-

cup nest and is a long-distance (i.e., latitudinal) migrant. The other species, the Mountain 

Chickadee (Poecile gambeli), nests in cavities, and individuals are either year-round residents or 

make short-distance (elevational) movements. We expected that the two species might show 

different strategies due to variation in exposure to cold temperatures and precipitation because of 

differences in nest types and in foraging and migratory behavior.  To the extent that cavity-
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nesting chickadees might be “buffered” to exposure to adverse conditions, we expected 

populations at higher elevations to be no more sensitive to variation in annual temperature than 

populations at lower elevations.  In this case, reaction norms at different elevations should be 

parallel and simply offset.  Open-cup nesting flycatchers, on the other hand, may be more 

sensitive to weather variation with increasing elevation (Pereyra and Sedgwick 2020).  Although 

it is not clear a priori whether sensitivity would be manifest in response to the risks from early 

season bad weather vs. running out of time at the end of the season, we might expect the slope of

the reaction norm of a higher-elevation population to differ from that of a lower one.

METHODS

Study Site and Species

We quantified laying initiation dates for chickadees and flycatchers breeding on 14 study plots in

the Sierra Nevada of California (Sierra National Forest; see Supplemental Material:  Study Plot 

Locations) in three elevational groups characterized by different vegetation types. “Lowest” plots

(n = 6) ranged in elevation from 1669-2023 m and consisted of mixed conifer forest, “middle” 

plots (n = 4) ranged in elevation from 2160-2384 m and consisted of true fir forest, and “highest”

plots (n = 4) ranged in elevation from 2465-2750 m and consisted of lodgepole pine forest. Plots 

were sampled each year from 1995 through 2001 except in the lowest group, where four of the 

six were sampled each year on a rotating basis such that each of the six was sampled an equal 

number of years during the study. Mixed conifer stands consisted primarily of white fir (Abies 

concolor), incense cedar (Calocedrus decurrens), sugar pine (Pinus lambertiana), ponderosa 

pine (P. ponderosa), and California black oak (Quercus kelloggii). True fir stands were 

dominated by white fir and red fir (A. magnifica). Lodgepole stands were comprised primarily of 
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lodgepole pine (P. contorta).  Nest searching in each study plot was focused on an interior 40-ha 

gridded plot embedded within a 60-ha plot of similar habitat. We selected plots to be 

representative of mature forest with relatively high canopy cover, although naturally-occurring 

heterogeneity existed in the form of open, rocky, or brushy areas, and small meadows or streams 

on all plots. 

The Dusky Flycatcher is an insectivorous migrant that winters in the southwestern U.S., 

Mexico, and Guatemala (Pereyra and Sedgwick 2020), and breeds in western North America in a

variety of plant communities. Its open-cup nests are placed in shrubs or trees (Sedgwick 1993, 

Pereyra and Sedgwick 2020). The Mountain Chickadee is an abundant breeder in coniferous 

forests in western North America, nesting in cavities excavated by other species and in natural 

crevices, and is mostly insectivorous during the breeding season (McCallum et al. 2020).  Dusky 

Flycatchers are typically single-brooded, but may renest following a failed first attempt.  The 

same applies to Mountain Chickadees in our study area (personal observations), although they 

may rear a second brood in other regions (Dahlsten and Copper 1979). We located Dusky 

Flycatcher and Mountain Chickadee nests from 1995 through 2001 and monitored them twice a 

week until they failed or fledged young. When flycatcher nest contents could not be observed 

directly, we used a compass mirror or a mirror on a pole for viewing. We checked chickadee 

nests with a fiberscope (Purcell 1997) or a light and automotive inspection mirror. The date that 

the first egg was laid (hereafter, laying initiation date) was determined based on all observations 

collected at a nest. Observations prior to completion of the clutch were backdated, assuming one 

eggs laid per day. For other nests, clutch size and a date to anchor the timing of the nesting cycle,

such as initiation of incubation or hatching, were necessary for backdating. Included in the 

analysis were those nests for which we were confident that our estimate was within two days of 
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the true laying initiation date. We included a few nests whose laying initiation was 15-19 days 

after the first laying initiation date when the earliest laying initiation date was notably earlier 

than subsequent nests.  To reduce the risk of including nests that were renesting attempts after a 

failed first nesting attempt, we excluded most nests with laying dates that were greater than 14 

days after the earliest laying initiation date in each year, with a few exceptions. This criterion 

was based on the range of initiation days in a study of Dusky Flycatchers in Montana (Sedgwick 

1993) and observed for Mountain Chickadees in a separate study that took place on a subset of 

the plots in the current study (Coe 2009). For many nests (including most flycatcher nests) we 

were able to ascertain the number of eggs laid and whether the nest was successful (i.e., fledged 

one or more young).  We were unable to access the lowest elevation plots in 1997 before 

chickadees began breeding, and thus lack observations for those plots in that year.  

Temperature Recording

Comparing patterns of breeding initiation among birds at different elevations and across 

different years in response to weather variation requires a consistent approach to measuring the 

weather (Inouye et al. 2019).  We implemented this by recording temperature during a specific 

fixed period each year at a specific fixed elevation.  The effectiveness of this “reference 

temperature” in capturing annual and elevational variation in environmental conditions was 

based on observations of seasonal and elevational patterns of temperature variation, and because 

temperatures display significant autocorrelation over relevant spatial and temporal scales (e.g., 

Vinnikov et al. 2011).  Within broad limits the specific reference site and dates we chose are not 

critical to our analysis, i.e., it was not necessary that we choose the precise time the decision to 

breed was made, as the purpose of the reference temperature was to quantify whether the season 

was early/warm or late/cool relative to long-term weather at the site. Our criteria were that the 
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location and period be both geographically and phenologically relevant to our study site and 

species.  We empirically validated our assumptions concerning patterns of spatial and temporal 

correlations in temperatures by analysis of temperature patterns taken over a quarter-century 

period in the region from which our bird data were taken (see Supplemental Material: Validating 

Model Assumptions).  Collectively these correlations indicate that reference temperatures 

measured during a fixed specific period at a fixed specific location represent the relative coolness

or warmth of a breeding season in relation to other years, and that this annual relation is 

consistent across different elevations throughout a study area.  Although additional factors (e.g., 

depth of snowpack, timing of snow melt, bud burst) may play proximate roles in when birds 

initiate egg laying, we expected those additional factors to be strongly correlated with 

temperature.  

We based our reference temperature on data that we collected at a forested location in the

Sierra National Forest at 1140m elevation, Peterson Mill, slightly lower than but close to our 

lowest-elevation study plot. Temperature data were recorded at one-hour intervals using a 

Hobotemp temperature logger (Onset Computer, Bourne, Massachusetts, USA) placed inside a 

vented white wooden box (“weather box”) inside a waterproof case with a temperature probe 

threaded out the end of the case. The weather box was attached to a fencepost approximately one

meter above the ground. 

We calculated reference temperature as the average hourly temperature over a seven-day 

period in spring in each year as measured at our reference site in 1995 and 1997-2001. Due to 

logger failure in 1996, temperature data were missing and therefore we excluded nest data for 

that year from analysis. Averaging over multiple days provided a better summary of pre-breeding

conditions than temperature measured on a single day (e.g., a storm passing through the region 
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causing a brief drop in temperature would provide an anomalous measure). We chose a period 

that was earlier than, but relatively close to, the earliest initiation of breeding for each species at 

our study site.  Since the mean earliest average laying date for chickadees and flycatchers at the 

lowest elevation plots (13 and 27 May, respectively) differed by two weeks, we averaged 

temperatures over the seven-day period that ended six days prior to these dates; thus, we 

averaged temperature over first week of May (May 1-7) for Mountain Chickadees and the third 

week of May (May 14-21st) for Dusky Flycatchers.  To confirm a correlation between 

temperature and snow depth, we obtained snow depths nominally measured on 1 April (± 5 days)

at a National Resources Conservation Service snow course/aerial marker site (Beard Meadow, 

2990 m, 37.11 N, -118.84 E; https://www.nrcs.usda.gov/wps/portal/wcc/home/) ~ 15 km from 

our highest elevation plots (Supplemental Material: Validating Weather Assumptions).  

Statistical Analysis

We conducted a mixed model analysis for each species using PROC GLIMMIX in SAS 

9.4 (SAS Institute 2016) to evaluate differences in laying initiation date between elevations as a 

function of annual variation in spring temperature (i.e., the slopes of elevation-specific reaction 

norms). Nest was the unit of observation and temperature and elevation category were treated as 

fixed effects. Study plot was included as a random effect to account for potential correlation 

among nests occurring on the same plot. We included an additional random effect to account for 

between-elevation variance heterogeneity. The models also included a repeated-measures 

component for each plot across years to account for potential auto-correlated responses that 

could bias estimated standard errors. We verified assumptions for each model by examination of 

studentized residuals for both normality and variance heterogeneity.  We used a test of 

differences of least square means with a Tukey-Kramer adjustment for p-values to test for 
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differences in mean laying initiation date by elevation at a set of representative temperatures (8º 

C, 10º C, 12º C, 14º C, and 16º C) for pairs of regressions.  We report p-values of statistical tests 

to indicate the strength of evidence against the null hypothesis (Murtaugh 2014).  We compared 

Akaike Information Criterion corrected for small sample size (AICc) to assess whether reference 

temperature or snow depth provided a better fit to lay-date data using the same mixed model 

(smaller is better; Burnham and Anderson 2002).  Throughout, we report means ± one standard 

error unless otherwise noted.

To assess whether clutch size varied with the timing of reproduction, we performed an 

analysis similar to the preceding for lay date using PROC GLIMMIX, only with a log link and 

Poisson error distribution, and including lay date as an additional main effect along with 

temperature and elevation.  We tested a total of 12 models, including each main effect separately,

in two- and three-variable combinations, and all possible interactions. However, due to an 

unbalanced distribution of nests across lay dates when modeling clutch size with the main effects

and interactions of elevation and temperature, the regressions failed to converge unless we 

removed individual study plots as a random effect.

To assess whether nest success varied with lay date, we used the logistic exposure 

method (Shaffer 2004), testing the same 12 models used in the analyses of clutch size and 

number fledged. We first calculated daily survival rates for nests in each elevation group and 

tested for differences among them, using a Tukey’s Studentized Range test to control for Type I 

experimentwise error rates.  We used AICc to rank the candidate models. Analyses were 

conducted using PROC NLMIXED (SAS Institute, Inc. 2016). We examined the same 12 models

used in the analyses for clutch size. 

Data are available from the Dryad Digital Repository (Coe et al. 2021).
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RESULTS

Weather

Average temperature at the reference site during the third week in May varied from 7.2° C in 

1998 to 16.9° C in 2001 (Supplemental Material:  Validating Model Assumptions).  Annual 

variation paralleled that of the high and low elevation regional weather stations we used to 

validate our weather assumptions.  Based on 25 years of snowfall data from Beard Meadow that 

overlapped with temperature data from the high elevation validation station, snow depth on April

1 was highly correlated with temperature averaged over the preceding 7 days (r = -0.708).  For 

both species average temperature provided a better fit to lay-date data than did snow depth.  For 

flycatchers, the temperature mixed model yielded AIC = 1422.85 (vs. a null model AIC of 

1685.91), whereas for snow depth AIC = 1548.42.  For chickadees, AICtemperature = 1312.17, 

AICsnow = 1441.30, and AICnull = 1543.23.  Akaike weights for both temperature models closely 

approached 1, and thus snow depth was not a useful predictor and all analyses were performed 

and interpreted using temperature.

Mountain Chickadees

Mean laying initiation dates in Mountain Chickadees were earliest in the lowest-elevation plots 

and latest in the highest-elevation plots in each year, with a difference of as much as 14 days in 

two of the years (Fig. 2A; see figure for sample sizes).  Lay dates varied significantly with 

respect to temperature and elevation, but there was little support for an interaction between 

temperature and elevation, and slopes of the three regression lines were not strongly 

differentiated from each other (Table 1; Fig. 3A). Thus, the results for this species were 

consistent with a simple-offset strategy (Fig. 1A). Laying initiation date was estimated to be 8.6 
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(± 1.48) days later in middle compared to lowest elevations (test of differences in least square 

means t = -5.81, padj < 0.001) and 12.0 (± 1.46) days later at highest elevations compared to 

lowest (t = 8.19, padj = < 0.001).  The difference between highest and middle (3.4 ± 1.28 days 

later in highest) was relatively slight (t = 2.65, padj = 0.081). Because slopes of initiation date 

versus temperature were essentially parallel for the three elevations, least square mean 

differences were the same at all temperatures tested. 

Although the sample size was relatively small (n = 49), clutch sizes of Mountain 

Chickadees varied with lay date (F = 4.93, df = 1, 47; p = 0.031), declining through time 

(Supplemental Material:  Clutch Size and Daily Survival Rates).  However, clutch sizes did not 

vary among elevation categories (F = 0.36, df = 2, 46; p = 0.701) or with reference temperature 

(F = 0.05, df = 1, 47; p = 0.829).  When considered simultaneously (i.e., a model with three main

effects), lay date remained well-supported (Type III main effect p = 0.015; elevation p = 0.231, 

temperature p = 0.069).  No main effects in two-way interactions nor the one three-way 

interaction received any support (all p > 0.90).  

We had larger sample sizes for nest outcomes for chickadees (n = 205).  Results for daily 

nest survival for chickadees were dominated by differences among elevation categories, with 

nest success at the lowest elevation considerably less than either of the two higher ones (padj < 

0.002 for highest, 0.006 for middle), but middle elevation was similar to the highest elevation 

(padj = 0.097) (Supplemental Material: Clutch Size and Daily Survival Rates).  The most 

supported model for daily survival rate of chickadee nests included only elevation, with an 

Akaike weight of 0.40.  Two other models were competitive and, in addition to elevation, 

included either lay date or temperature; however the 95% confidence intervals for these variables

included zero, suggesting these variables were not informative.
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Dusky Flycatchers

Mean laying initiation dates in Dusky Flycatchers were also earliest in the lowest-elevation plots 

and latest in the highest-elevation plots in each year, with the exception of two years (1998 and 

2001; Fig. 2B; see figure for sample sizes); in both cases the differences were slight (about a 

day). Otherwise, lowest- and highest-elevation mean breeding onset date for flycatchers differed 

by as many as 27 days (in 1995). Dusky Flycatchers initiated laying later than Mountain 

Chickadees within the same elevation category (Fig. 2). In both species, laying initiation date 

and the annual reference temperature were negatively associated within all elevation categories 

(Fig. 3).

Phenological patterns in the Dusky Flycatcher were more complex than for chickdees.  

As with chickadees, the main effects of temperature and elevation were both substantial,  but 

there was more statistical support for their interaction (Table 1).  This support was amplified 

when examining pairwise comparisions.  Comparing middle and lowest elevations, regression 

slope of the former was steeper and diverged from the latter (Table 1, Fig. 3B), and laying 

initiation dates were different at cooler temperatures, but not at warmer temperatures. 

Specifically, laying initiation dates differed at 8º C, 10º C, 12º C, and 14º C (e.g., test of 

differences in least square means at 14º C, t19.3 = -2.68, padj = 0.04;) but were not different at 16º C

(t22.7 = -1.71, padj = 0.22). At 8º C, laying initiation date was estimated to be 12.6 ± 3.1 days later 

at middle than at lowest elevations whereas at 16º C, the estimate was 5.1 ± 2.9 days later. 

Overall, these results are consistent with birds in the middle elevation demonstrating a delay 

strategy relative to the lowest-elevation birds (Fig. 1C). 

Slopes of the regression lines for the highest-elevation population and the middle-

elevation population also differed (Table 1, Fig. 3B). However, in contrast to the low-middle 
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comparison, laying initiation dates were different between the two elevations when the yearly 

reference temperature was higher, but not when it was lower. Specifically, there was little 

support for differences in dates at 8º C, 10º C or 12º C (e.g., test of differences in least square 

means at 12º C, t14.6 = 2.13, padj = 0.12;) but more so at 14º C and 16º C (e.g., at 14º C, t19.3 = 2.81,

padj = 0.03). At 16º C, laying initiation date was estimated to be 11.3 ± 3.7 days later at highest 

than at middle elevations, whereas at 8° C it was only 1.1 ± 3.6 days. Overall, the results for 

Dusky Flycatcher are consistent with individuals in the highest elevation demonstrating an 

advance strategy relative to birds in the middle elevation (Fig. 1B). Slopes did not differ between

the highest and lowest plots (Table 1), suggesting a simple-offset strategy when omitting the 

middle elevation plots (Fig. 1A).  

Dusky Flycatcher clutch sizes (n = 161) also varied with lay date (F = 6.45, df = 1, 159; p

= 0.012), declining through time as well (Supplemental Material:  Clutch Size and Daily Survival

Rates).  Although there was a tendency for clutch sizes at the highest elevation to be less than 

those at lower ones (padj for middle = 0.080, for lowest = 0.067), the overall effect of elevation 

was marginal (F = 2.78, df = 2, 158; p = 0.065).  The reference site temperature appeared to have

little effect on clutch size (F = 0.86, df = 1, 159; p = 0.355).  When considering all pairs of 

variables, clutch size remained associated with lay date as a main effect (Type III main effect p =

0.012), somewhat less so with elevation (p = 0.65), but with little support for temperature (p = 

0.355); when considered simultaneously, lay date again remained important (Type III main 

effects lay date p = 0.012; elevation p = 0.130, temperature p = 0.164).  Only two- and three-way

interactions that included lay date had much support (p < 0.10).  

In flycatchers, as with chickadees, variation in daily survival rate of nests (n = 208) was 

dominated by differences among elevational categories, with the lowest elevation having a lower 
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survival rate than the highest elevation (padj < 0.001). Differences in rates between the lowest and

the middle elevations (padj = 0.157) and between the middle and the highest (padj = 0.111) were 

slight.  The most-supported model for daily survival rates of flycatchers again included only 

elevation, with an Akaike weight of 0.999. No other models were competitive, with the second-

ranked model having ΔAICc of 14.62.   

DISCUSSION

  Phenological reaction norms in the Mountain Chickadee conformed to a simple offset 

strategy consistent with populations that breed at different elevations having a constant, or 

relatively consistent, response to seasonal temperature among years, regardless of elevation.  

Patterns were more complex in the Dusky Flycatcher, where birds breeding at our mid-elevation 

plots in cooler years conformed to a delay strategy compared to those at lower elevations, 

whereas flycatchers breeding at our highest elevation plots started breeding earlier in cooler 

years relative to those at the mid-elevation plots, consistent with an advance strategy for the 

higher elevation populations.  Clearly, Dusky Flycatchers exhibited a breeding phenology 

consistent with an interaction between photoperiod and temperature (Visser et al. 2010, 

Phillimore et al. 2016, Bründl et al. 2020), leading to different apparent reaction norms at 

different elevations.  

Comparing mid-elevation flycatchers to those at the low elevation suggests that at mid-

elevations there is still a sufficiently long period, on average, when conditions are suitable for 

rearing offspring such that a delay carries little additional cost. In contrast, the advance pattern of

the highest-elevation flycatchers suggests that, compared to those in mid-elevations, these 

individuals are sensitive to a season that is shorter than at lower elevations.  For Dusky 
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Flycatchers breeding at the highest elevation, the costs associated with initiating breeding early, 

when there is a greater risk of being exposed to cold temperatures and other harsh conditions, 

appear to be lower than the costs associated with delaying breeding, which could include failing 

to produce any surviving young.  In a cool spring, the mid-elevation birds that form the basis for 

comparison with high elevation ones are already delaying breeding initiation compared to those 

at lower elevations; it appears that high-elevation birds cannot afford to delay still longer.  The 

consequences of Dusky Flycatchers breeding late have been confirmed at another high-elevation 

area in the Sierra Nevada, where delayed laying resulted in small but significant reductions in the

number of young fledged per female and the total number of fledglings produced on the study 

area (Pereyra 2011). In the same study the likelihood of re-nesting after a failed nesting attempt 

declined steeply after the first week of July.  

The difference in observed patterns between Mountain Chickadees and Dusky 

Flycatchers may result from a variety of ecological differences between the two.  Dusky 

Flycatchers, an open-cup nesting species, may be at greater risk from exposure to cold 

temperatures, precipitation, and wind during nesting compared to cavity-nesting Mountain 

Chickadees. The cavity nests of Mountain Chickadees buffer individuals against adverse weather

conditions, and the energy savings from reduced exposure to wind by occupying cavities as 

compared to roosting outside a cavity can be considerable (Cooper 1999). Dusky Flycatchers 

nests have been observed to fail due to the effects of late season storms at high elevations while 

incubating eggs or brooding young (K. Purcell, pers. obs.; Pereyra and Sedgwick 2020).  

Mountain Chickadees are also buffered from the effects of colder temperatures by their year-

round ability to use nocturnal hypothermia, which can lead to nighttime energy savings of up to 

50% (Cooper and Gessaman 2005).  If chickadees are less at risk from cold temperatures than 
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flycatchers, a delay strategy may not offer significant gains in reproductive success.  Ecological 

differences in food and foraging behavior may also contribute to different sensitivities of the two 

species.  Whereas chickadees are primarily gleaners that include both a variety of arthropods and

seeds in their diets (McCallum et al. 2020), flycatchers are primarily aerial foragers that sally 

after flying insects (Pereyra and Sedgwick 2020), a food source less available when temperatures

are low.  Importantly, at the other end of the season, flycatchers need sufficient time to 

accumulate substantial energetic resources to undertake migration, and to satisfy the high 

nutrient demand for molting, some of which takes place before departure for the wintering 

grounds beginning in late July (Biebach 1996, Murphy 1996, Pereyra 2011, Pereyra and 

Sedgwick 2020). We also note that whereas open-cup nesters generally have a shorter nesting 

cycle (egg laying to fledging) than cavity nesters (Martin and Li 1992), Dusky Flycatchers have a

relatively long nesting cycle for an open-cup nesting species (Pereyra 2011), ~35 days on these 

study plots (K. Purcell, pers. obs.). Thus, not employing an advance strategy at high elevations 

would reduce an already comparatively shorter window for Dusky Flycatchers breeding there.  

In both species, clutch size was the only fitness metric that appeared associated with 

phenology, declining with lay date across all years.  This decline implies some apparent cost to 

breeding later, suggesting the potential for directional selection for breeding earlier.   However, 

this result is also consistent with an “environmental constraints” hypothesis (Visser et al. 2015), 

that potentially challenging environmental conditions that may occur early in the spring weaken 

the strength of selection for breeding earlier, an effect that may be enhanced at higher elevations 

(Bründl et al. 2020).    Furthermore, although we found little variation in fitness components with

temperature as a phenological cue, we should not conclude that temperature is not important.  If 

natural selection has already shaped an adaptive response to phenological variation (i.e., a 
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reaction norm) then we might not expect to see much variation in reproductive success unless 

environmental conditions exceed the normal range of variation in temperature.  With a reaction 

norm the response phenotype (lay date) varies depending on conditions, presumably to generate 

reproductive success optimal under those conditions; we may not see a strong signal of fitness 

differences until the environment moves to extremes.  Alternatively, if the main source of natural

selection were due to stochastic, catastrophic fitness-depressing events, then there would be little 

selection for a reaction norm; phenotypic plasticity should not evolve in environments that 

fluctuate less predictably, because that would lead to plastic responses to cues that do not match 

the subsequent selective environment (Gavrilets and Scheiner 1993, Leung et al. 2020).  

Our study has implications for predicting how populations may respond to the effects of 

temperature variation should spring temperatures increase as predicted by global climate 

projections (IPCC 2014). In the short term (i.e., prior to potential changes in plant and prey 

species phenology and/or community composition), we would predict that increasing spring 

temperatures would likely result in both species initiating breeding earlier, consistent with more 

general observations of the advancement of breeding in birds with increasing temperatures 

(Dunn 2004). We have more confidence in this being the case for the Mountain Chickadee, 

which does not undergo long-distance migration. Thus, in the short-term, based on the simple-

offset model, for chickadees we expect the relationship between laying date and spring 

temperature among elevations to remain more or less the same but be uniformly advanced 

overall as climate warms. 

For Dusky Flycatchers, even short-term changes are more difficult to predict than for the 

Mountain Chickadee not only because of the difference in strategies across elevations observed 

in this species, but also because the species undergoes long-distance migration, and thus any 
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response in laying date to seasonal temperature may be constrained by arrival date and the time 

required to subsequently establish territories and attract mates (Both and Visser 2001, Lany et al.

2016).  Pereyra (1998, cited in Pereyra 2011) observed that arrival dates of flycatchers at Tioga 

Pass, California (elevation 2,900–3,500 m) were comparable from year to year, suggesting that 

any advances in spring temperature on the breeding grounds may not be matched by earlier 

arrival by flycatchers; conditions on the breeding grounds at arrival may be largely independent 

of those triggering departure from the wintering grounds a thousand kilometers away (e.g., 

Fontaine et al. 2009, Jones and Cresswell 2010, Rubolini et al. 2010, Usui et al. 2017).  

Furthermore, because Dusky Flycatchers have a relatively broad diet of insect prey (Pereyra and 

Sedgwick 2020) and as peak prey abundance during the breeding season appears less strongly 

correlated with temperature (Pereyra 2011; see also Dunn et al. 2011, Franks et al. 2018, Lany et 

al. 2016), the likelihood of a trophic mismatch (a decoupling of the relationship between 

environmental temperature as a cue for initiating breeding in birds and the phenology of insect 

species that are prey for insectivorous birds; e.g., Visser et al. 1998) seems small.  However, if 

warming is accompanied by favorable conditions expanding into later summer, then advancing 

to avoid environmental deterioration may be less a consideration for highest-elevation birds, 

bringing their norm of reaction more parallel to middle-elevation birds. 

Although we were able to connect differences in phenological reaction norms to 

differences in ecological traits between two species, additional analyses of a variety of species 

will be required to develop reliable generalizations.  Although we would predict that cavity 

nesting species are more likely to follow a simple offset strategy than open nesters, different 

species of cavity nesters exploit different food resources and forage in different ways.  Likewise, 

nests of open-cup nesting species are placed in different locations, varying from ground level to 
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upper canopy with different levels of exposure, and collectively these species span a wide range 

of foraging behaviors and food types.  Differences in migration strategies and tradeoffs with 

arrival dates are likely important, and the degree of urgency to set up and defend territories 

quickly at the beginning of the breeding season will certainly influence the initiation of nesting.  

We also note that if we had compared only the highest- and the lowest-elevation populations of 

flycatchers this would have yielded a pattern consistent with simple offset, yet such a comparison

would mask the complexity shown by the significant interaction observed when three elevation 

categories were examined. A key component of our analysis is the ability to use a reference 

temperature consistently measured at a particular time and place as representative of the nature 

of the season (early/late, warm/cool) across elevations;  any future applications of this approach 

to analyze species at a different place or scale requires a similar approach. 

In conclusion, we developed a framework for evaluating relationships between ambient 

temperature in the spring and the timing of breeding initiation across an elevational gradient, and

for distinguishing among possible patterns of risk sensitivity for breeders at higher elevations.  

This framework explicitly recognizes that there can be an interaction between the temperatures 

that trigger breeding and the date within the season on which they occur.  In application of this 

framework to two species breeding at multiple elevations, we demonstrated how responses in 

timing of breeding in relation to variation in seasonal temperature can vary across elevations. We

combined these results with other species attributes, such as nest site selection, foraging 

behavior, and migratory status, to understand how species may balance competing risks in 

deciding when to breed, and to predict how species that occupy mountainous regions may cope 

with a changing global climate. By focusing on emergent phenological patterns within 

populations as a function of thermal variation, the scale of our framework falls between studies 
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focused mainly on the proximate effect of thermal microclimate in and around the nest on the 

initiation of egg-laying, and those concerned with large scale geographical models of latitudinal 

temperature variation and the resulting patterns observed within and across species (e.g., 

Gienapp et al. 2010).  This scale is relevant in terms of both conservation and evolutionary 

biology. 
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Table 1.  Results of Type III tests of main and interaction effects of temperature and elevation on

lay initiation date in Mountain Chickadees and Dusky Flycatchers based on generalized linear 

mixed models, and significance of difference of pair-wise comparison of regression slopes across

elevations.

  Effect F P    
Mountain Chickadee temperature 251.07 1, 108.5 <0.001

elevation 5.3 2, 100.9 0.007
interaction 1.75 2, 104.8 0.179

Model
Estimates

Standar
d Error

intercept 183.60 2.852
temperature -3.29 0.247
elevation - high -2.66 4.053
elevation - middle 0  --
elevation - low -16.13 5.047
temperature*high 0.57 0.349
temperature*middle 0  --
temperature*low 0.71 0.483

Slope Comparisons Difference Standar
d Error

t P

high vs. low -0.138 0.483  -0.29 71.9 0.776
high vs. middle 0.568 0.349  1.63 159.8 0.106
low vs. middle 0.706 0.483  1.46 73.3 0.148

Effect F p
Dusky Flycatcher temperature 198.35 1, 83.4 <0.001

elevation 7.09 2, 64.1 0.002
interaction 3.02 2, 61.0 0.056

Model
Estimates

Standar
d Error

intercept 209.12 5.340
temperature -3.44 0.399
elevation - high -9.13 7.229
elevation - middle 0  --
elevation - low -20.16 5.805
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temperature*high 1.28 0.553
temperature*middle 0  --
temperature*low 0.94 0.428

Slope Comparisons Difference Standar
d Error

t p

high vs. low 0.331 0.414  0.80 53.4 0.427
high vs. middle 1.275 0.553  2.31 71.7 0.024

  low vs. middle 0.944 0.428  2.2 44.0 0.032
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FIGURE LEGENDS

Figure 1.  Alternative strategies resulting from relationships between spring temperatures and the

date that egg laying is initiated at different elevations. Each regression line is a phenological 

reaction norm of a population of a single species breeding at a “low” or “high” elevation sampled

over multiple years. A.  “Simple Offset” – laying initiation at the high elevation relative to low 

elevation is constant across years. (B.  “Delay” –populations at the high elevation breed 

comparatively later in years when spring is colder; the left portion of the “high” line is elevated 

compared to “simple offset.” .C.  “Advance” – birds at the high elevation breed comparatively 

earlier in years when spring is colder (“advance”); the left portion of the “high” line is depressed 

compared to “simple offset.”

Figure 2.  Mean egg laying initiation date ( 1 SE) in 1995 and 1997-2001 at three elevation 

categories for (A) Mountain Chickadee and (B) Dusky Flycatcher. Temperature data were 

missing for 1996, as are chickadee data for low elevation in 1997. Sample sizes across the study 

years within each elevation for Mountain Chickadee were: (1) highest: 4, 9, 5, 19, 17, 19; (2) 

middle: 11, 12, 11, 14, 26, 20; (3) lowest: 7, 0, 8, 15, 9, 6. Sample sizes for Dusky Flycatcher 

categories were (1) highest: 5, 7, 8, 9, 9, 4; (2) middle: 6, 6, 5, 6, 7, 7; (3) lowest: 10, 13, 23, 28, 

27, 32.

Figure 3.  Laying initiation dates at three elevation categories relative to seasonal reference 

temperature for (A) Mountain Chickadee and (B) Dusky Flycatcher. For each of the 6 years of 

the study (1995, 1997-2001), seasonal temperature was averaged over the first week of May for 

Mountain Chickadee and over the third week of May for Dusky Flycatcher.  Error bars represent 
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± 2 standard errors.  Highest elevation points are shifted -0.1° C and lowest elevation points 

shifted +0.1° C to improve legibility of error bars.  Regression lines fitted to elevation means to 

illustrate trends.
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