Progress Report on DEB-0645907 and Proposed Future Research
Social factors are widely recognized as critical to song learning in birds, but they are difficult to study in the lab. It has been shown in the lab that social interactions can modify the effects of many other variables, such as the timing of the sensitive phase and copying fidelity (Beecher & Brenowitz, 2005; Nordby et al., 2001; Nordby et al., 2000), but it will never be possible to fully simulate in a lab study all of the natural social and environmental factors that are important in vocal ontogeny. Wishing to understand how social factors influence song learning, we have undertaken a radio-tracking study of song sparrows (Melospiza melodia) in their first year of life. We have used radio telemetry to follow young birds from shortly after they fledge to the following spring when they establish a breeding territory and crystallize their song repertoire. Radio telemetry permits us to systematically follow young birds and witness their interactions with other birds, in particular with potential adult song tutors. We will be able to evaluate the importance of direct interactions between juveniles and their song tutors for song learning by comparing the incidence of these ‘tutoring sessions’ with the final repertoires of the radio-tagged birds. We will also be able to observe incidents where the young bird does not interact with a potential song tutor, but is close enough to hear the adult singing, and the even more interesting cases where the young bird overhears (eavesdrops on) a counter-singing pair of adults. Because song sparrows use song as a long-distance signal both to ‘post’ their territories and to negotiate territorial boundaries with neighbors, a young bird can potentially learn a great deal about how to sing as well as what to sing. Song learning, territory acquisition and learning the neighborhood all go together in song sparrows and since in theory a young bird can learn about all three by observation, our goal in this work is not merely to observe the young bird, but to observe what he observes.
The ‘bottom line’ or dependent variable in our studies is the bird’s final song repertoire of 6-12 songs. We can correlate the spatial movement patterns of the young birds during the first year, our records of whom they interacted with or overheard singing, with the songs that they learned. We can then analyze whether any or all of these variables can explain which songs of which of the many potential song tutors the young birds chose to copy. 

After two years of preliminary studies to develop the methodology, we recently finished an intensive year-long radio-tracking study of birds of the 2006-07 cohort, supported by a one-year NSF grant (DEB-0645907). The preliminary studies were intended primarily to work out the methodology, though we did make a number of interesting observations about the movements and social associations of young sparrows that we report below. The preliminary work helped us work out the kind of behavioral data we could record, and established that it would indeed be possible to make significant observations about what the birds could observe. Below we (1) briefly describe our preliminary studies; (2) provide details on the methodology of the present study; (3) describe some preliminary results; and (4) describe future analyses that we will conduct on the data generated from this project.
1. Preliminary Results from Pilot Experiments 2004-05 and 2005-06
Song Sharing and Territory Establishment.  Song sharing among neighbors is important in both male-male competition and female choice in western populations of song sparrows (Beecher et al., 2000; Wilson et al., 2000). Males match song types with rivals to communicate threat during territorial establishment and defense (Burt et al., 2001; Anderson et al., 2005), and females prefer males with shared songs (O'Loghlen & Beecher, 1999). A successful juvenile male must not only 
develop a repertoire of songs, but must also share many of these songs with the neighbors wherever he establishes a territory. In the field, young birds learn and retain songs from a neighborhood near where they establish territories (Nordby et al., 1999). This suggests that juveniles spend the majority of their time in one neighborhood during the song learning phase, and end up with a repertoire of songs from that neighborhood.
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However, in this resident population, territory turnover is minimal (Nordby et al., 1999). Thus, where a young male will be able to gain access to a territory  cannot be predicted with certainty during the song learning phase. Our preliminary radio-tracking data suggest that juvenile song sparrows may mitigate this problem by learning songs in two different neighborhoods, thereby doubling their chances of learning shared songs in case a territory becomes available. We found that 6 of 7 birds that we radio-tagged in July and August of 2005 each spent time in two distinct neighborhoods, as much as 800m apart (Fig. 1). Most of the surviving birds established a territory in one of the two neighborhoods where they spent time the previous summer. These results suggest a bet-hedging strategy.
Data from the 2005-06 pilot season indicate that juvenile birds that survived the winter had an average final repertoire of 10 song types. Comparing these songs with the repertoires of all recorded adult male birds revealed that most of these songs were learned from tutors in one of the two neighborhoods where each juvenile spent time the previous summer (Fig. 2). In general, the juvenile birds spent considerable time near the adults who were their primary tutors and less time near their secondary tutors. Interestingly, however, one of the primary tutors from whom certain juveniles learned several song types was located in an area that was only infrequently visited, suggesting that there was something particularly salient about the way he sang or how interactive he may have been. Moreover, some birds were tutored by adults they were rarely seen near, suggesting a role for eavesdropping in song learning. 
Social Interactions among Juveniles. Laboratory studies of song learning suggest that the interactions that take place among juvenile birds may have implications for song learning (Nordby et al., 2000; Nordby et al., 2001). For example, if they are reared together, young birds often end up with strikingly similar song repertoires, often even copying invented and atypical songs of other juveniles. In fact, learning from cohort members is one of the main reasons that tutees are acoustically separated from each other in most song learning studies! Our field observations in our pilot studies, however, suggest that rather than regarding ‘lateral’ influences in song learning as a nuisance, we should consider the role they may normally play in song learning.
Our pilot field data showed that juvenile song sparrows tend to spend a large portion of their time in social flocks. Further, these flocks were fairly constant and some associations were quite stable (i.e., radio-tagged birds were seen <10m of the same individual on 20-50% of observations). The social interactions that take place among cohort members are likely important for song learning. Flocking may be a mechanism by which juvenile birds ensure song sharing, so in the ongoing, large-scale radio-tracking study, we will determine whether birds from the same flock end up as neighbors or with similar repertoires in the spring. By conducting detailed observations of how radio-tagged birds associate with other juveniles and later examining their song repertoires, we will determine the importance of these early social interactions.

2.  Intensive Radio-Tracking Study 2006-07
Study Site.  Our study site is in Discovery Park, an undeveloped park along Puget Sound in Seattle, WA. The park is the largest in Seattle, encompassing more than 500 acres. Song sparrows are abundant in Discovery Park, and the park has been the location of many studies on the function of bird song and song learning during the past 20 years, giving the site a rich history. Our core study area is approximately 30 hectares and contains about 120 different territories. We have captured and marked all of the adult males with uniquely colored legs bands for individual identification, mapped the boundary of each bird’s territory, and recorded the complete song repertoire of each bird. In addition to banding adult males, we have also banded many adult females, nestlings, and juvenile birds (about 500 birds total over the past 3 years), so nearly the entire population is now marked. 
Focal Birds and Radio Transmitter Attachment.  Our plan was to follow 20 different juvenile birds throughout their entire first year of life (June 2006 through May 2007). Given the especially high levels of juvenile survival over the previous two years, we expected that at least 10 of these birds would survive until the next spring, when we could record their final song repertoire and assess their learning strategy. In order to use birds of known age, parentage, and history, we located as many nests as possible in the spring and banded nestlings. Nestlings were banded 5 days after hatching and a small blood sample was taken to determine the sex of each bird. After they fledged from the nest, but before independence, we attached radio transmitters (Holohil BD-2, 0.9g: ~4% of the bird's body mass) to focal juvenile males using a harness design, with the transmitter secured to the bird’s back by loops of thread that wrap around the legs (Rappole & Tipton, 1991). In June and July 2006, we attached transmitters to 20 different birds.  Transmitters last for approximately 6 weeks; after this period of time, we recapture each bird and replace the transmitter with one that has a fresh battery before releasing him. The used transmitters are then sent back to Holohil Systems Inc. for refurbishment service. Predation is quite heavy on song sparrows in their first 6-7 months, and predator levels were especially high during our study, which has necessitated replacing birds who have been predated with other birds from the cohort who have survived. Because we band many more juveniles than we initially radio-tagged, we could still identify hatch-year birds even after they molted into adult plumage and could replace a bird predated, say in September, with another bird from the same cohort. In this way, we have been able to maintain a sample of approximately 20 focal birds throughout the entire tracking period, putting transmitters on a total of 43 individuals over the course of the year.
Tracking.  Each bird was located and observed for 30 minutes every other day for this entire 12 month period, providing us with an unparalleled data set on juvenile movement patterns. During each observation, we kept track of the location of the bird (GPS coordinates, and which adult’s territory he was in), the number and identity of other birds nearby, what types of interactions he had with these birds (chases, foraging together, singing contests, etc), how many and what type of song interactions the bird participates in or overheard, etc. In addition, we made audio recordings of each tracking period so that we will be able to go back and analyze more details of these overheard song interactions. Last, we recorded the birds as they began to sing plastic song in the early spring (as early as January) and also after they crystallized their repertoires in April. From these data, we will be able to determine how each birds’ repertoire changes before it crystallizes, how late a bird can change his repertoire, and how his movement patterns and the various interactions he has with other birds and the ones he overhears affect which song types he retains for his final song repertoire. Over the course of the year, our team has spent approximately 1,200 hours actively tracking and observing birds (in addition the time spent recapturing birds every 6 weeks and recording adult song repertoires). We are now in the process of transferring all of these data from field data sheets to a computer database for future analyses. We hope to have all of the data entered in the next few months; for the purposes of this report, we have included some early findings based on preliminary data from a few individual birds.
Song Repertoire Analysis. To trace song learning by young birds, we must record both the young birds and all possible adult tutors. Because song sparrows have repertoire of 6-12 song types and sing in “eventual variety,” it takes 1.5-5+ hours to record the full repertoire of each singing male. Prior to the start of our intensive tracking project, we were able to record all of the adult males in our study area (approximately 150 territorial males). Surprisingly, several of our radio-tracked birds visited other areas of the park and surrounding neighborhoods, up to 1km from where they were initially captured in the core study area. However, we have worked hard to record adult birds in these outlying areas; over the year we have been able to record more than 100 additional adult males, enabling us to trace the songs learned by our radio-tracked birds to adults throughout these outlying areas. 
We recorded final repertoires on 6 birds that we were followed from their natal summer to their initial breeding season, the following spring. Although this sample is somewhat small, it is on par with a typical laboratory learning experiment, and we are hopeful that it will provide useful data on of song learning. In addition to these complete data points, we also have 5 other birds that we tracked for a large portion of the year and recorded final repertoires in the spring, and 5 more birds with less complete tracking periods or recordings (only tracked for 1-2 months, or only recorded early, with plastic songs). We expect that combining these data with our incomplete date from the pilot field seasons will actually provide considerable information to supplement our sample of birds with complete learning histories 
3. Preliminary Results
Despite considerable laboratory research that indicates the importance of social factors in song learning, our preliminary data (June 2006 to May 2007) indicate that direct interactions between singing adults and juveniles are surprisingly rare. In fact, in the hundreds of hours we spent observing birds in the summer and fall, we did not once witness a direct face-to-face tutoring event akin to laboratory conditions. This observation parallels the results of one of our recent laboratory studies, which found that, contrary to our initial expectations, the direct interactions a juvenile had with a song tutor were less powerful than the interactions he overheard of other tutors and young birds (Beecher et al., 2007). These results suggest that although social interactions are still likely very important for song learning, it may be that eavesdropped interactions are even more important. Future analyses will address this question further.

Preliminary data generated from 5 individuals (~ 250 observation hours) that were tracked for nearly the entire year show several interesting patterns related to song learning. Not only did birds not have face to face interactions with their tutors, but the majority of songs that a young bird heard actually came from quite far away (Fig 3A), confirming that eavesdropping may be very important for song learning. We found a surprising amount of variation in movement patterns of different individuals over the course of the year—some stayed in the same territory for the majority of the year and others moved over 40 different adult territories during the same time (Fig 3B). Those birds that moved spent their time evenly among many different territories; those that stayed put spent nearly all of their time on one or two adult territories and were able to establish their own territory in this same area the next year. All of the birds, regardless of how much they moved, heard many (17-24) different adults sing (Fig 3C). These data are especially interesting given that birds only copy the songs of a few (2-6) adult tutors (Nordby et al, 1999), and indicate that much more filtering of potential songs is happening during the learning process than we previously expected. 
4. Future Data Analyses
After we finish compiling the data from our 1,200 hours of field observations, we will be able to answer a number of previously unaddressed questions about the first year of life in songbirds. These include A) basic ecological information on the spatial movements and demography of juvenile sparrows, B) information on juvenile associations and flocking behavior, and C) how movement patterns and social interactions affect song learning.
A) Spatial movements and demography. Because we have followed the fates of 20 juvenile birds, observing them every other day throughout the entire first year of their life, we have some of the most complete demographic data available for any songbird. With these data, we will be able to calculate detailed life tables with survivorship data, causes of mortality (surprisingly many birds were killed by barred owls, in addition to Cooper’s hawks and domestic cats), home range size, amounts and types of movement by season and life stage, and habitat use in relation to both natural and anthropogenic features. 
B) Juvenile Associations. One of our most surprising findings from the pilot data was that juvenile song sparrows formed social flocks during the summer and fall, with some focal birds being observed with the same individuals in up to half of the observations periods (see page 3). We have data on all other birds within 1, 3, 5, and 10m from the focal bird during all of our observation periods, and are anxious to begin looking at how these social flocks of juvenile birds change throughout the seasons. Because we have considerable data on a bird’s interactions with other birds over the course of the year, we can also make predictions about his future behavior. For example, we can predict that male birds that spent considerable time together as juveniles should learn similar songs; juvenile females who spent time with our focal birds may be more likely to choose them as mates or EPC partners in the following year. Our unique data on association history gives us an exceptional back-story on each bird that will lead to many interesting future analyses.

C) Song Learning. Of course, the main focus around the present study is to examine how social interactions and movement patterns of juveniles affect their song learning behavior. We have recorded the majority of the adult males (potential tutors) in the population as well as the final, crystallized repertoires of all of the surviving radio-tracked birds. We can trace each juvenile’s song to an individual adult tutor by comparing the repertoires of each juvenile with each adult in the population. Once we have traced each song type to determine which tutors each juvenile learned from, we will evaluate whether the incidence of (a) being near to a tutor, (b) interacting with the tutor, (c) overhearing the tutor singing solo, and/or (d) overhearing the tutor in a counter-singing interaction, predicts the number of songs the young bird learns from that tutor. In addition, because we have audio recordings of all of our tracking observations, we will be able to analyze other specific details about each interaction our focal bird overheard and correlate these data with the songs he ended up learning.
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Figure 1. Movement patterns of juvenile song sparrows through Discovery Park in August-September. Each individual is represented by a different color, with each point indicating one 10 minute observation. Circles show the neighborhoods where each bird spent time. Stars indicate the location of the bird’s territory the next spring. 





Figure 2. Song sparrows learn their songs from the tutors they spend time near the previous summer. Movement patterns for two juvenile birds (for legend, see Fig. 1). Blue circles indicate the territory of each bird’s primary song tutors. Yellow circles indicate the territories of other birds that had similar song types in their repertoire.  





Fig 3. Song sparrows hear most songs from far away (A). The number of territories they visit over the year is variable (B), yet all juveniles hear at least 17 potential adult song tutors over the year (C).
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