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Warmer April Temperatures on Breeding Grounds Promote Earlier Nesting in a Long-Distance Migratory Bird, the Prothonotary Warbler
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Global climate change and warming are altering hemispheric and local weather patterns. Altered weather patterns have great potential to affect the phenology of life history events, such as the initiation of breeding in organisms that reproduce seasonally. Long-distance migratory birds may be particularly challenged by changes in local weather on breeding grounds because they arrive from distant locations and must commence breeding when conditions are appropriate. Here we explore the effects of local temperature on first egg dates and annual productivity in a long-distance Neotropical migratory songbird, the prothonotary warbler Protonotaria citrea. We present results from a 20-year (1994 to 2013) study documenting the detailed nesting activities of a color-marked population (average of 155 individual females each year) of warblers in southern Illinois, United States. The warblers typically arrive in April and start breeding in late April and May in our study system. We tested for an effect of local average April daily temperature and female age on first egg dates, total number of offspring produced per female, and the probability of fledging two broods. We found that warmer April temperatures promoted earlier first egg dates and higher average annual productivity in the warblers. On average, older females had earlier first egg dates than 1-year-old females, but both age groups responded similarly to local April temperatures. The reproductive gains associated with earlier first egg dates in warmer years stemmed from an increased probability of successfully fledging two broods, suggesting that earlier first egg dates do not currently create a mismatch with food (insect) resources. Earliest arrival dates of warblers to the region of our study system were not affected by local April temperatures, suggesting that females vary their first egg date based on conditions they experience/assess after their arrival. Whereas these birds currently adjust the timing of their breeding and actually produce more offspring in warmer years, continued global warming may eventually upset the current balance between arrival dates, food resources, and the commencement of nesting.
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INTRODUCTION

Natural selection favors timing of reproduction that maximizes fitness. Favorable environmental conditions, availability of mates, and pulses in necessary food resources are some of the main factors shaping where and when to reproduce (Perrins, 1970; Bronson, 1985; Daan and Tinbergen, 1997; Verhulst and Nilsson, 2008). Animal migrations are behavioral and physiological wonders that have evolved to take advantage of geographically disparate resources that affect the timing and location of breeding events (Milner-Gulland et al., 2011; Winkler et al., 2014; Shaw, 2016). The breadth of taxa that migrate is expansive and includes insects, reptiles, fish, mammals and birds (Williams, 1957; MacKeown, 1984; Dingle, 1996; Holland et al., 2006; Newton, 2010; Southwood and Avens, 2010). Bird migrations cover thousands of kilometers, with many species moving between equatorial latitudes where they spend time on non-breeding grounds, and northern and southern temperate latitudes where they breed during hemispheric summers (Berthold, 2001; Newton, 2010). These temperate breeding seasons in migratory birds occur annually during pulses and peaks in food resources (often insects) that are enough to support both resident and migratory species as they attempt to reproduce (Alerstam, 1990; Greenberg and Marra, 2005; Thorup et al., 2017). The onset of long-distance migration to breeding grounds in passerines (i.e., songbirds) is controlled by endogenous circannual rhythms which are synchronized by changes in day length (i.e., photoperiod; Gwinner, 2003; Gwinner and Helm, 2003; Kumar et al., 2010). Once begun, it then takes days to weeks of flying and refueling (at stopover sites) for these migrating birds to reach their breeding grounds (Bowlin et al., 2005). Therefore, long-distance migrants are constrained in their ability to adjust their departure dates from non-breeding grounds based on what conditions are like on their breeding grounds (Both and Visser, 2001; Miller-Rushing et al., 2008; Fraser et al., 2013).

Global average temperatures are increasing, with significant rates of increase in the past half century (Hurrell and Trenberth, 2010; IPCC, 2013), and the potential for global climate change (warming) to disrupt or otherwise affect the timing of breeding in migratory birds is substantial (Dunn and Winkler, 2010; Visser et al., 2010; Cohen et al., 2018). Migratory birds are thought to be particularly vulnerable because they may not be able to adjust their breeding phenology as global temperatures increase (Strode, 2003; Mills, 2005; Miller-Rushing et al., 2008; Both et al., 2010). To the contrary, a growing body of research is finding that warming in temperate latitudes associated with global climate change is advancing the timing of clutch initiation in several species of migratory birds (e.g., Dunn and Winkler, 1999, 2010; Both et al., 2004; Mazerolle et al., 2011; Tomotani et al., 2018). Earlier nesting may be a byproduct of temperature-related advances in plant and insect phenologies experienced by birds upon arrival at breeding grounds (Townsend et al., 2013; Shave et al., 2019). However, earlier breeding can cause reductions in reproductive success if the timing of breeding creates a mismatch between seasonal pulses in critical resources (Both et al., 2010) (i.e., food) and peak demand for feeding young (Visser and Gienapp, 2019). For example, a long-term study of pied flycatcher Ficedula hypoleuca in the Netherlands found that the flycatchers started nesting earlier in response to global warming, but not enough to match earlier peaks in caterpillar abundance at some locations (Both and Visser, 2001). Flycatcher population declines in areas where the greatest mismatches occurred have been attributed to this dynamic (Both et al., 2006). Another study looking at arrival dates of 117 migratory bird species over five decades found that ecological mismatch was a general pattern among migratory birds breeding in northern Europe, possibly contributing to population declines (Saino et al., 2011). These mismatches can reduce individual fitness and population viability, and therefore drive evolution by favoring those individuals well-matched to peak resource availability (reviewed in Visser and Gienapp, 2019).

Resident (i.e., non-migratory) bird species are thought to be less susceptible to trophic mismatches than migratory species (Monkkönen et al., 1990; Both et al., 2010; Parejo, 2016). One reason is that the timing of nesting is plastic in some resident species, allowing individuals to adjust their breeding based on spring phenology (Charmantier et al., 2008). In addition, during the spring, non-migratory birds are already near where they are going to breed, making it easier for them to respond to warmer or colder springs (Pulido and Widmer, 2006; Knudsen et al., 2011). For example, in a population of year-round resident song sparrows Melospiza melodia in North America individuals initiated breeding earlier in warm springs, and produced more offspring as a result (Wilson and Arcese, 2003). In another example, a 47-year study of great tits Parus major breeding in nest-boxes in the United Kingdom found that mean first egg dates and caterpillar phenology both had advanced by about 14 days on the same study site (Charmantier et al., 2008). But not all resident bird species avoid mismatches. For example, a separate study of great tits over a 23-year period in the Netherlands found that the timing of reproduction had not advanced in step with warming temperatures and earlier peaks in availability of food for the young (Visser et al., 1998). In addition, one recent study of 21 British songbirds spanning 18 years found no evidence that the relationship between productivity and relative amount of mismatch varied with migratory distance status (Franks et al., 2018).

While resident species may by and large avoid mismatches, not all migratory birds suffer reduced fitness when breeding phenology is altered by warmer spring temperatures. In some instances, advanced breeding of migratory birds in warmer years resulted in increased reproductive output. For example, black-throated blue warblers Setophaga caerulescens in New Hampshire United States initiated breeding earlier in warmer springs, which increased the probability that individuals attempted a second brood and led to higher annual fecundity (Townsend et al., 2013). Similarly, in a study of reed warblers Acrocephalus scirpaceus in Poland, first egg dates were earlier in warmer springs, which increased the length of the breeding season and resulted in more opportunities to renest (Halupka et al., 2008). Both studies also noted that the abundance and diversity of insects available for consumption were not diminished or mismatched in warmer years. Therefore, mismatches may be less likely in environments and for species where food is relatively constant or abundant throughout the breeding season (Dunn et al., 2011). This highlights the importance of documenting how local weather (e.g., temperature) experienced on the breeding grounds by newly arriving migratory birds influences both the commencement of nesting (i.e., first egg dates) and reproductive output of individuals when looking for the presence of a mismatch.

Beyond the potential for there to be a trophic mismatch, migratory birds nesting earlier on temperate breeding grounds may experience local weather conditions (e.g., temperature and precipitation) that affect when and how successfully they reproduce (Dunn and Winkler, 2010). Unusual weather events, in general, tend to negatively impact breeding birds (Shipley et al., 2020). For example, some migratory species may start breeding earlier because of warm weather on breeding grounds, only to have subsequent colder and/or wetter weather cause adult mortality, or reduce reproductive success by decreasing incubation efficiency and nestling provisioning (Brown and Brown, 2000; Conway and Martin, 2000; Coe et al., 2015; Cox et al., 2019; Shipley et al., 2020). This is particularly true for aerial insectivores such as barn swallows Hirundo rustica and tree swallows Tachycineta bicolor where cold temperatures and precipitation can cause short-term food (insect) shortages linked to inadequate incubation and poor nestling growth (Coe et al., 2015; Cox et al., 2019), and for barn and cliff swallows Petrochelidon pyrrhonota where adults can starve when activity of flying insects is reduced by periods of cold and/or wet weather lasting four or more days (Brown and Brown, 2000). Breeding earlier at temperate latitudes, therefore, comes with some added weather-related risks.

Prothonotary warblers Protonotaria citrea are long-distance Neotropical migrants that breed seasonally at temperate latitudes in the eastern United States. The warblers are insectivorous but not highly specialized on one guild of insect (Petit et al., 1990a,b; Dodson et al., 2016; Petit, 2020), and they occur in bottomland and swamp forests where there is an abundant and diverse invertebrate biomass continuously emerging during the warbler’s breeding season (Petit and Petit, 1996; Heinrich et al., 2013; Batzer et al., 2016; Dodson et al., 2016). Previous work on these warblers in our study system found no support for food to limit reproductive output, even when densities were manipulated to increase substantially (Hoover et al., 2020). One previous study of prothonotary warblers in the eastern part of their breeding range found changes in local spring temperatures not to have an effect on mean nest initiation dates, and for warmer spring temperatures to increase mean probability of attempting a second brood when older females were more abundant in the population being studied (Bulluck et al., 2013). Here we take a somewhat different approach by studying the effects of local spring temperatures on individual females’ first egg dates, annual reproductive output, and the probability of fledging second broods. Given that the warblers breed in a food-rich habitat, it is possible that any local-temperature-driven annual adjustments in when nesting is first initiated would not necessarily have a negative effect on overall reproductive output.

Here, we investigate the effects of local temperature on first egg dates, annual productivity, and the probability of fledging two broods in prothonotary warblers using data collected during a 20-year period (1994-2013). Because local temperature trends are not always similar to global warming trends (Hansen et al., 2001), we compared our local April temperature data trend to the Annual Global Land Temperature Anomaly data trend (NOAA National Centers for Environmental information, Climate at a Glance: Global Time Series, published January 2020, retrieved on February 1, 2020 from https://www.ncdc.noaa.gov/cag/) for the period 1983 to 2019 to determine if local April temperatures reflected global temperature changes. The warblers arrive at our study system during April and commence nesting in late April and May (Hoover, 2001). Thus, we predicted that higher local average April daily temperatures (local April temperature hereafter) would result in earlier first egg dates in our study system. Based on prior observations (Hoover, 2001), we expected that, within a given year, older (>1 year old) females would have earlier first egg dates than the 1-year-old females that were breeding for the first time. To determine whether warmer spring temperatures were a cost or benefit to warbler productivity, we also tested for effects of local April temperature on the season-long reproductive output of the warblers and, related to that, the probability that females successfully fledged two broods. Finally, to determine if arrival dates of migrating warblers to the general area where our study took place were associated with local April temperatures, we compared earliest arrival dates (using eBird) to local April temperatures for the period 1999 to 2019.



MATERIALS AND METHODS

From 1994 to 2013, we studied the breeding ecology of individually marked prothonotary warblers on 14 discrete (i.e., separated from each other by >1 km) forested wetland study sites within a 192 km2 portion of the Cache River watershed (centered at 37.294°N, 88.975°W) in southern Illinois, United States. The warblers migrate from non-breeding grounds in southern Central America and northern South America to breeding grounds in the eastern half of the United States from the Gulf of Mexico to the northern tier states and southern Ontario Canada (Petit, 2020). Prothonotary warblers are obligate secondary cavity nesters that breed over or near standing water in bottomland hardwood and swamp forests (Petit and Petit, 1996). They defend exclusive territories, are socially monogamous, readily accept nest boxes (Fleming and Petit, 1986), and adults exhibit high site fidelity between breeding seasons (Hoover, 2003a). Females build nests and incubate eggs, and both sexes provision nestlings and fledglings. During the breeding season, the warbler’s diet is a diverse assemblage of insects including caterpillars (order Lepidoptera), flies and midges (order Diptera), spiders (class Arachnida), mayflies (order Ephemeroptera), and dragonflies (order Odonata) mostly gleaned from leaves, twigs, and branches (Petit et al., 1990a,b; Dodson et al., 2016; Petit, 2020). The warblers often attempt a second brood and on rare occasions fledge three broods in a single breeding season (Hoover, 2003a; Bulluck et al., 2013; Petit, 2020).

We monitored warblers that used artificial nest boxes placed on trees or metal conduit, located 50 to 100 m apart, within the 14 study sites (Hoover, 2003a). Prothonotary warblers used nest boxes almost exclusively (Hoover, 2003a; Hoover et al., 2020) and the nest boxes mimicked natural cavities in terms of nest predation and cowbird parasitism (Hoover, 2001). Nest boxes were monitored every 3–5 days from mid-April to early August each year. This frequency of nest monitoring allowed us to determine when egg laying and incubation commenced, clutch size, and hatching success. Nests were typically visited two to three days prior to fledging and warbler nestlings were banded with a uniquely numbered aluminum leg band (U. S. Geological Survey). The number of warbler fledglings assigned to each nesting attempt was the number of nestlings present at that pre-fledging visit so long as the nest was intact and the adult warblers were seen with, or behaved as though they had, recently fledged warblers in their territory the very next visit post-fledging (Hoover, 2003b, 2006). Warbler nests are often parasitized by brown-headed cowbirds Molothrus ater (Hoover, 2003b; Hoover and Reetz, 2006), and we noted the number of cowbird eggs, nestlings and fledglings associated with each nesting attempt.

We were unable to document arrival dates of individual warblers to our study system. Nearly all females in a given year were not observed until they were building a nest in a given nest box. We captured all adult birds that used nest boxes and banded each with a unique combination of a single numbered aluminum leg band and multiple colored plastic leg bands. We captured and/or re-sighted (for those already banded) birds to identify the individual male and female associated with each nesting attempt each year. We captured females while they were incubating by placing our hand over the opening of an active nest box, trapping the female inside. Females exited the nest box into a clear plastic bag placed over the opening and were removed from the bag immediately for processing. We captured males by placing a male decoy warbler paired with a playback of a warbler song in front of a mist-net within each male’s territory. Upon capture of adults, we measured body mass (g), wing chord length (mm), and tarsus length (mm) of each individual. For individuals captured for the first time, we used these measurements along with plumage characteristics to determine their age [second-year (SY; i.e., 1 year old and entering their first breeding season) vs. after-second-year (ASY; i.e., ≥2 years old) (see Kowalski, 1986; Pyle et al., 1987). We also knew the age of warblers we had banded as nestlings that returned in subsequent years to breed in our study system. For nearly every individual female breeding on our study sites in a given year we were able to document her first egg date, age, total number of offspring produced, and whether or not she fledged two broods.


Temperature Data

Our focus for comparison with average first egg dates and reproductive output of prothonotary warblers was the local temperature during the month of April when warblers arrive at our study system. Local temperature data for 1994 to 2013 were obtained using archived weather data from a nearby weather station (∼ 30 km south of study system; https://www.wunderground.com/history/monthly/us/ky/west-paducah/KPAH/date). We used the mean value of average daily temperature (°C) measurements from the entire month of April each year as our metric of local temperature because the warblers initiate nesting in late April and May. To simply determine that our local April temperatures trended similarly to global temperatures we considered a longer run of years (1983 to 2019), and used the above source for the local temperatures and Annual Global Land Temperature Anomaly data from the National Oceanic and Atmospheric Administration (NOAA National Centers for Environmental information, Climate at a Glance: Global Time Series, published January 2020, retrieved on February 1, 2020 from https://www.ncdc.noaa.gov/cag/). These global data are the departure of annual global land temperature (for a given year) from the average of 1901–2000 values (values are °C; positive and negative values represent warming and cooling, respectively).



First Arrival Data

To determine if there was a relationship between local April temperatures and earliest arrival dates of migrating warblers to southern Illinois during 1999 to 2019, we used data from eBird (https://ebird.org/map). We selected the months of March-April for each year and noted the earliest reported sighting(s) along the Gulf Coast (from Houston, Texas to Tallahassee, Florida) and in the southern Illinois region (just north of the Ohio River) where our study took place. These arrival dates are those of male prothonotary warblers, which often arrive earlier than females or are more likely to be observed because they are more conspicuous than females (Hoover, 2001; Petit, 2020). We lack detailed arrival dates for females breeding on our study sites, thus we used this approach with eBird data to determine whether local earliest arrival dates and local temperatures were correlated, whether local earliest arrival dates and those for along the Gulf Coast of the United States were correlated, and whether first eggs dates were correlated with local first arrival dates.



Statistical Analysis

We used SAS 9.4 software (SAS Institute, 2013) to construct and fit all models. Prior to fitting all models, we examined the residuals of response variables to check for normality. Values reported in the results section are means ± SE unless otherwise indicated. We report the type-III fixed effects test statistics and p-values and set α = 0.05. We first used simple linear regression (i.e., the ‘genmod’ procedure) analyses to determine if any trends (i.e., increasing, decreasing, or no trend) existed between our local April temperatures or Annual Global Land Temperature Anomaly values and year (1983 to 2019).

We next used a general linear mixed model (i.e., the ‘mixed’ procedure) to examine the influence of local April temperatures on warbler first egg dates. Fixed effects included local April temperature and female age (category: 1-year-old versus older). Random effects included Female ID as a random intercept with year as the random slope, and study site as a separate random intercept. Female age was included as a fixed effect because after-second-year (older) females tend to arrive and begin nesting earlier than second-year (1-year-old) females (Hoover, 2001; Petit, 2020). Warblers are relatively long-lived (i.e., up to 13 years, unpublished data) and exhibit high site fidelity between years (Hoover, 2003a) thus we expected numerous data points for each individual across years. Because we studied females across 14 distinct study sites within our study area, we included study site as a random effect to account for variation among study sites.

We used a generalized linear mixed model (i.e., the ‘glimmix’ procedure) with a negative binomial distribution and log-link function and a Laplace approximation to determine whether local spring temperatures influenced the number of warbler fledglings produced per female per year (annual productivity hereafter). Fixed effects included local average April temperature and female age. Random effects included a random intercept of female ID with year as a random slope, and a random intercept of study site with the categorical term tree/poles as a repeated effect. The tree/pole variable described whether most boxes within a given study site in a given year were installed on trees or metal conduit. Throughout the course of this study we used metal conduit to reduce nest predation for various unrelated experiments and thus wanted to control for this effect in our modeling of annual productivity. We incorporated the additional tree/pole categorical variable as a repeated measure on study site as most study sites had both categories represented at some point throughout the study. We also know that cowbirds reduce warbler productivity in very predictable ways (Hoover, 2003b), thus prior to constructing our model we used a regression analysis to determine if the average number of cowbird nestlings per female warbler per year was affected by local April temperatures. The average number of cowbird nestlings per female warbler per year was not affected by local April temperatures (F1,19 = 0.24, P = 0.63, r2 = 0.01) so we did not consider brood parasitism by cowbirds further in this study.

Previous research in our study system demonstrated that females that nest earlier are more likely to attempt second broods (Hoover et al., 2020). Thus, local warmer April temperatures could also increase the probability of females successfully fledging two broods and explain any increases in productivity we observed. To test this prediction, we used a generalized linear mixed model (i.e., the ‘glimmix’ procedure) with a binomial distribution and logit-link function using a Laplace approximation, the fledging of two broods (no, yes) as the response variable, and female age and local April temperatures as fixed effects. Random effects again included a random intercept of female ID with year as a random slope, and a random intercept of study site with the categorical term tree/poles as a repeated effect.

In all mixed models where we used random effects with a repeated measure or random slope design, we tested three separate variance-covariance structures to see which structure best fit the data. For this, we compared variance components (i.e., default in SAS), unstructured, and compound symmetry structures and then compared the AICc values to find the best variance-covariance structure given the data. In all cases, the default variance components structure provided the lowest AICc value and thus the best fit. In all models where we compared the variance-covariance structures, the outcomes for our variables of interest were qualitatively the same. Lastly, we used simple linear regression analyses to determine if the earliest warbler spring arrival in southern Illinois (based on eBird.org) was influenced by local April temperature or earliest arrival dates of warblers to the Gulf Coast states; and whether first egg dates were associated with earliest arrival dates to southern Illinois.



RESULTS

During the period 1994 to 2013 we obtained 3,136 first egg dates, annual productivity values, and double-brooding statuses, from 2,017 individual female prothonotary warblers nesting in our study system. Individual female warblers were sampled in anywhere from 1 to 6 different years during the study. Annual values for local average April daily temperature, mean first egg dates, and mean annual productivity are provided in Table 1.


TABLE 1. Summary data for prothonotary warblers nesting in the Cache River watershed in southern Illinois, United States during 1994–2013. Ordinal date 121 = 1 May.

[image: Table 1]During the period 1983 to 2019, both the local April temperature (F1,35 = 17.2, P < 0.001, r2 = 0.33) and the Annual Global Land Temperature Anomaly (F1,35 = 156.8, P < 0.001, r2 = 0.82) increased significantly with year (Figure 1). This shows that our local temperature pattern was similar to temperature trends at a global scale during the same time period.
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FIGURE 1. Local April temperatures for southern Illinois, United States (squares and solid line) and Annual Global Land Temperature Anomaly values (triangles and dashed line) significantly increased during 1983 to 2019. Shown are the data points for each year and best fit lines for the regressions of the local and global parameters on year.


The range of values for first egg dates across all individual females was ordinal dates 107 (17 April) to 157 (6 June). Both average April daily temperature and female age had significant effects on first egg dates of prothonotary warblers. First egg dates became earlier as local April temperatures increased (F1,3045 = 100.8, P < 0.001) and were earlier for older females (i.e., >1-year-old) compared to 1-year-olds (F1,3125 = 153.7, P < 0.001) (Figure 2). First egg dates for older females, on average, were approximately 4 days earlier than young females in a given year. Across the spectrum of local April temperatures occurring during our study, mean first egg dates varied by approximately 9 days, from older females in years with warmest April temperatures to young females in years that were coldest (Figure 2).
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FIGURE 2. First egg dates of prothonotary warblers are earlier when local April temperatures are warmer and for older females in the Cache River watershed, IL, United States during 1994 to 2013. Shown are model output best fit lines including random effects held at their mean values. Shaded regions around best fit lines are ± 1 SE.


Across all individual females in our study, the range for annual productivity was 0 to 14 warbler fledglings produced. Annual productivity of female warblers was affected significantly by average April daily temperature, female age, and when sites had boxes on metal conduit. The number of warbler fledglings produced increased as local April temperatures increased (F1,1097 = 22.8, P < 0.001) and was greater for older females (i.e., >1-year old) compared to 1-year-olds (F1,1097 = 19.9, P < 0.001) (Figure 3). For young and older females alike, reproductive output increased by approximately 0.7 fledglings across the range of April temperatures experienced, with older females producing on average 0.5 more fledglings per year compared to young females (Figure 3). As we expected, females nesting on sites where most nest boxes were installed on metal conduit produced 0.63 ± 0.23 (SE) more warbler fledglings in a given year on average compared to those nesting where most nest boxes were on trees (Z = 2.8, P = 0.003). In addition, females were more likely to produce two broods in warmer years (F1,3133 = 11.0, P < 0.001) (Figure 4). On average, older females were nearly twice as likely as younger females to produce two broods (F1,3133 = 25.9, P < 0.001).
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FIGURE 3. Fledglings produced per female prothonotary warbler per year increased with local April temperatures and female age in the Cache River watershed, IL, United Sttaes during 1994 to 2013. Shown are model output best fit lines including random effects held at their mean values. Shaded regions around best fit lines are ± 1 SE.
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FIGURE 4. The probability of producing two broods increased with local April temperatures and female age in the Cache River watershed, IL, United States during 1994 to 2013. Shown are model output best fit lines including random effects held at their mean values. Shaded regions around best fit lines are ± 1 SE.


Earliest male arrival dates to southern Illinois based on eBird data during the period 1999 to 2019 were not related to local April daily temperatures (F1,19 = 0.4, P = 0.51, r2 = 0.02) (Figure 5). Arrival dates for warblers in southern Illinois tended to be earlier when arrivals to the Gulf Coast states were later (F1,19 = 3.6, P = 0.07, r2 = 0.16). During the period 1999 to 2013, first egg dates were not related to earliest local arrival dates (F1,13 = 0.08, P = 0.79, r2 = 0.01).
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FIGURE 5. Earliest male prothonotary warbler arrival dates to southern Illinois, United States were not affected by local April temperatures during 1999 to 2019. Shown are the data points for each year and the best fit line for the regression of arrival dates on local April temperatures.




DISCUSSION

We found that similar to global warming trends, local April temperatures in southern Illinois are also increasing over time. Prothonotary warblers in our study system began nesting earlier and produced more offspring in years when local April temperatures were higher. As expected, older females started earlier and produced more offspring than first time breeders likely because of the earlier arrival dates of non-yearlings. The result of higher annual productivity in warmer years when nesting begins earlier suggests that the local warming trend has not yet created a mismatch between the timing of nesting and availability of food resources. We also found that local April temperatures did not influence earliest warbler arrival dates in southern Illinois. Taken together, these results show that prothonotary warblers are flexible in their timing of breeding and that current warming trends may prove beneficial to our local population at least in the short term.

Warblers with earlier first egg dates had higher annual productivity in our study even under scenarios where predators were not excluded. The likely reason for this is that earlier breeding associated with warmer temperatures resulted in an increased probability of fledging two broods within a given breeding season. An increase in attempting second broods previously had been documented in our study system (Hoover et al., 2020), as well as in a study of prothonotary warblers in Virginia, United States (Bulluck et al., 2013). Similar patterns of increased double brooding, or increased chances of successfully producing a replacement brood, as a byproduct of nesting earlier in warmer years has also been found in other species (Halupka et al., 2008; Monroe et al., 2008;, Verhulst and Nilsson 2008; Townsend et al., 2013). A study of 20 bird species in Denmark found warmer temperatures to lengthen the breeding season for those species capable of producing multiple broods (Møller et al., 2010), and increase the probability of individuals to attempt second broods. Other examples include research on black-throated blue warblers in New Hampshire, United States (Townsend et al., 2013) and reed warblers in Poland (Halupka et al., 2008), where individuals breeding earlier in warmer years had higher annual fecundity because they were more likely to attempt multiple broods (both studies) or multiple re-nests (reed warblers), and both studies noted that double-brooding and re-nesting were supported by ample and diverse insects (i.e., food) being available. To produce more offspring requires abundant food resources throughout the breeding season, and abundant insects are a hallmark of the bottomland and swamp forests where the prothonotary warblers nest (Petit and Petit, 1996; Heinrich et al., 2013; Batzer et al., 2016; Dodson et al., 2016). Food resources (insects) in the forested wetlands and swamps where the warblers prefer to nest can even be supplemented by the terrestrial habitats found in bottomland forest ecosystems (Nakano and Murakami, 2001; Baxter et al., 2005). Differences in warbler clutch sizes likely contributed little to the trend in annual productivity we report here because the vast majority of warbler first clutches contain five warbler eggs in any given year (Hoover, 2001, 2003b; Hoover et al., 2020). In terms of age effects, even though the young female warblers on average started later and produced fewer total fledglings than the older females, the general effects of local April temperatures on first egg dates and annual productivity in young females were similar to the older females (Figures 2–4).

Advanced first egg dates of migratory birds in warmer years may be a byproduct of earlier arrival dates. However, global warming has no effect on photoperiod and should have little effect on when migratory birds using these cues depart for their breeding grounds. Indeed, the ability of long-distance migrant bird species to adjust first egg dates (i.e., breeding phenology) in response to environmental factors is thought to be constrained by limitations associated with the timing of migration (Strode, 2003; Miller-Rushing et al., 2008, Both et al., 2010). Yet, several studies have documented earlier arrival of migratory birds to breeding grounds in years when temperatures on breeding grounds were warmer, or even when temperatures on non-breeding grounds were warmer prior to spring migration (Cotton, 2003; Usui et al., 2017). In a meta-analysis covering 73 published studies and 413 species, Usui et al. (2017) found a robust pattern where earlier arrivals in warmer years were not dependent on whether temperatures represented changes at breeding, passage or non-breeding sites, or whether arrival was to the breeding or passage grounds. In another meta-analysis of arrival dates of 20 migratory bird species breeding in Oxfordshire, United Kingdom, Cotton (2003) found that arrival dates became earlier with increases in a continental-scale temperature measurement taken from their non-breeding grounds (winter sub-Saharan African temperature anomaly), suggesting that some migratory birds may begin their migrations earlier when it is warmer on the non-breeding grounds. Counter to these patterns of earlier arrival in warmer years, arrival dates of several species of long-distance migratory wood warblers to breeding grounds in Illinois (100-year period) and Minnesota (40-year period) United States were not correlated with local spring temperatures (Strode, 2003). Earliest arrival dates of prothonotary warblers to southern Illinois, as determined using eBird data, varied among years but showed no relation to local April temperatures. Differences in arrival dates may explain, however, why older females in our study system had earlier first egg dates on average. Female warblers are relatively cryptic (no singing and not boldly colored) during the breeding season (Petit, 2020). While we do not have good data on specific arrival dates of individuals across years in our study system, we have noticed that the vast majority of the earliest females we happen to observe in the spring prior to the commencement of nesting are banded individuals captured in a previous year (Hoover, 2001), which places them in the older age category.

While the aim of our investigation here was to document whether or not local spring temperatures affected first egg dates and season-long reproductive output in prothonotary warblers, how and why the warblers nest earlier and produce more offspring in warmer years remains to be determined. Even if arrival dates were constrained by departure dates from wintering areas, there could still be flexibility in when breeding begins after arriving on breeding grounds. It is possible that arrival dates are similar across years but latency to laying first eggs is shortened in years when local temperatures are warmer and lengthened when cooler (Both and Visser, 2001; Visser et al., 2004). Arrival dates for individual females are a critical missing piece. To adequately document age-related patterns in arrival dates and whether arrival dates contribute to explaining earlier first egg dates when temperatures are warmer, we need to collect additional detailed information on arrival dates and settlement patterns of individual females in our study system in years with warmer and colder springs. These data for individual females, particularly those that breed across several years in our study system, would allow us to better understand whether evolutionary changes versus changes due to phenotypic plasticity (i.e., individual flexibility) are influencing the pattern between first egg dates and local April temperatures we observed (Charmantier et al., 2008; reviewed in Charmantier and Gienapp, 2014). If individuals are flexible in when they lay their first egg relative to local temperatures, then population mean first egg dates may trend earlier as temperatures trend warmer over several years, but still vary considerably between consecutive years that are warmer and colder (Charmantier et al., 2008). Our results suggest that individual females in our study population are flexible in their ability to adjust first eggs dates from year to year, depending on the local temperature, but specific data to verify this are still needed.

In a number of songbird species, breeding earlier in the season can have numerous benefits including producing offspring that are larger at fledging, and are more likely to be recruited into the breeding population (Wheelwright et al., 2003;, Müller et al. 2005, Tarof et al., 2011). In our study system, warbler nestlings fledging earlier in the season have a higher first-year survival rate and likelihood of local recruitment than those produced later (McKim-Louder et al., 2013). Tomotani et al. (2018) found a similar pattern in a population of European pied flycatchers and attributed the higher recruitment of fledglings from earlier nesting attempts to fledglings having more time to develop prior to migrating to non-breeding grounds. The warbler young produced in our system return locally to breed (McKim-Louder et al., 2013) and may therefore be fairly well-adapted to local conditions. It remains to be seen if continued warming and even earlier fledging translates into similar or even higher recruitment rates, or possibly alters natal dispersal patterns that could contribute to expected shifts in species’ breeding ranges (Parmesan and Yohe, 2003; Visser et al., 2009; Langham et al., 2015; Stephens et al., 2016).

Along with earlier nesting, higher local temperatures can alter plant phenology (i.e., earlier bud break and leaf out) (Schwartz et al., 2006; Richardson et al., 2013) and cause earlier insect emergence (Roy and Sparks, 2000; Both et al., 2006; Charmantier et al., 2008; Hodgson et al., 2011; Jamieson et al., 2012; but see Primack et al., 2009). The greatest demand for resources occurs when birds are feeding nestlings/fledglings (Nilsson, 1994; van Noordwijk et al., 1995; Both et al., 2009) and it is therefore advantageous for birds to initiate nesting so that peaks in insect availability match the demands of provisioning a brood or broods. Mismatches occur when environmental factors such as warming temperatures cause a misalignment of peak food demand and peak food availability (Thomas et al., 2001; Visser and Both, 2005; reviewed in Both, 2010; Dunn and Winkler, 2010). Had earlier breeding by the warblers in warmer years resulted in a mismatch with food resources, we would have expected to see a decrease in season-long reproductive output, rather than our observed increase. While we did not measure insect abundance, or how it varies seasonally and in relation to temperature, recent work in our system (Hoover et al., 2020), where densities of breeding warblers were manipulated higher, found no evidence for reproductive output to be food limited. In that study we found no significant effects of density or a density by date interaction on measures of reproductive output within a breeding season even with nearest-neighbor densities (i.e., pairs within 200 m of focal pair) exceeding 20 pairs. We suspect that abundant food (insect) resources known to occur in bottomland forest ecosystems (Baxter et al., 2005; Batzer et al., 2016), in conjunction with the diverse diet of the warblers (Petit, 2020), reduces the risk that temperature-related shifts in their first egg dates might result in a mis-match. It is also possible that the emergence and abundance of relevant insects is shifted earlier in warmer years, similar to warbler first egg dates and what has been found in black-throated blue warblers in New Hampshire, United States (Townsend et al., 2013), as well as in great tits in the United Kingdom (Charmantier et al., 2008). Regardless, there are much more data needed from our study system to fully understand the dynamics between spring temperatures, arrival dates of individual females, and plant, insect and breeding phenologies.

Species or individuals not able to adjust the timing of their own breeding to match changes in resource peaks, or that tend to specialize on few types of food resources may be especially vulnerable to resource mismatches associated with global warming (Both et al., 2006; Møller et al., 2008; Both, 2010; Charmantier and Gienapp, 2014). Prothonotary warblers do not belong to either of these categories of vulnerable species. Similarly, breeding earlier in warmer years with no apparent cost to reproduction has been documented in many other migratory bird species including reed warblers (Halupka et al., 2008), tree swallows (Dunn et al., 2011), purple martins Progne subis (Shave et al., 2019), and black-throated blue warblers (Townsend et al., 2013). In each of these study systems, authors suggested that earlier breeding was not costly, in part, because food resources (i.e., insects) were available enough to accommodate it.

Apart from food availability, it is possible that continued global warming could hasten late-season dewatering of forested wetlands and swamps that are home to prothonotary warblers, thereby reducing the suitability of the habitat or exposing later season nests to increased nest predation (Hoover, 2006). Global warming could also exacerbate the threats prothonotary warblers already face from the loss, fragmentation, and hydrologic degradation of bottomland forest habitats (Hoover, 2009; Robinson and Hoover, 2011). In addition, while breeding was the focus of our study and is essential to species persistence, it is only one stage in the complicated life cycles of migratory birds.

The overall effects of global warming remain particularly difficult to predict for migratory species because they have complex habitat needs throughout their life cycles and complex physiological adaptations that coincide with timing of migrations (Winkler et al., 2014). For example, the effects of global climate change on the quality and distribution of suitable habitats may be very different for migratory pathways, stopover locations and non-breeding grounds used by migrants, potentially undermining the timing of events that have evolved to get migrants to their destination when resources are adequate to meet needs. Thus, much more information is needed, particularly for migratory species, on how global warming affects other annual cycle stages beyond reproduction (Hostetler et al., 2015; Culp et al., 2017; Tomotani et al., 2018). The prothonotary warbler is one example where warming temperatures currently are providing fitness benefits on local breeding grounds. The mobility of migratory species in general may make them more capable of adapting to a changing environment provided that any changes in the phenology of their life stages match any changes in the phenology of critical resources. With substantial warming in the Northern Hemisphere during the warbler’s breeding season projected to continue in the coming decades (Vogel et al., 2019), it remains to be seen if and when a tipping point may be reached whereby earlier nesting no longer conveys a reproduction advantage.
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