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            Abstract
The behavioural rhythms of organisms are thought to be under strong selection, influenced by the rhythmicity of the environment1,2,3,4. Such behavioural rhythms are well studied in isolated individuals under laboratory conditions1,5, but free-living individuals have to temporally synchronize their activities with those of others, including potential mates, competitors, prey and predators6,7,8,9,10. Individuals can temporally segregate their daily activities (for example, prey avoiding predators, subordinates avoiding dominants) or synchronize their activities (for example, group foraging, communal defence, pairs reproducing or caring for offspring)6,7,8,9,11. The behavioural rhythms that emerge from such social synchronization and the underlying evolutionary and ecological drivers that shape them remain poorly understood5,6,7,9. Here we investigate these rhythms in the context of biparental care, a particularly sensitive phase of social synchronization12 where pair members potentially compromise their individual rhythms. Using data from 729 nests of 91 populations of 32 biparentally incubating shorebird species, where parents synchronize to achieve continuous coverage of developing eggs, we report remarkable within- and between-species diversity in incubation rhythms. Between species, the median length of one parent’s incubation bout varied from 1–19 h, whereas period length—the time in which a parent’s probability to incubate cycles once between its highest and lowest value—varied from 6–43 h. The length of incubation bouts was unrelated to variables reflecting energetic demands, but species relying on crypsis (the ability to avoid detection by other animals) had longer incubation bouts than those that are readily visible or who actively protect their nest against predators. Rhythms entrainable to the 24-h light–dark cycle were less prevalent at high latitudes and absent in 18 species. Our results indicate that even under similar environmental conditions and despite 24-h environmental cues, social synchronization can generate far more diverse behavioural rhythms than expected from studies of individuals in captivity5,6,7,9. The risk of predation, not the risk of starvation, may be a key factor underlying the diversity in these rhythms.
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                    Figure 1: Map of studied breeding sites and the diversity of shorebird incubation rhythms.[image: ]


Figure 2: Variation in incubation rhythms and its estimated evolution.[image: ]


Figure 3: Relationship between bout and period length.[image: ]


Figure 4: Predictors of variation in incubation rhythms.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Extracting period length of incubation rhythms.
a–c, Each column represents an example for a specific nest with long, intermediate and short incubation bouts. a, From the extracted bout lengths we created a time series that indicated—for each nest and for every 10 min interval—whether a specific parent (female, if sex was known) incubated or not. Exchange gaps (no parent on the nest) had to be <6 h to be included (for treatment of exchange gaps >6 h see d, e). b, We then estimated the autocorrelation for each 10-min time-lag up to 4 days (R ‘acf’ function63). Positive values indicate a high probability that the female was incubating, negative values indicate that it was more likely that the male was incubating. We used only nests that had enough data to estimate the autocorrelation pattern (n = 584 nests from 88 populations of 30 species). The visualized autocorrelation time series never resembled white or random noise indicative of an arrhythmic incubation pattern. To determine the period (that is, cycle of high and low probability for a parent to incubate) that dominated the incubation rhythm, we fitted to the autocorrelation estimates a series of periodic logistic regressions. In each regression, the time lag (in hours) transformed to radians was represented by a sine and cosine function[image: ] where f(t) is the autocorrelation at time-lag t; a0 is the intercept; b is the slope for sine and c the slope for cosine, T represents the length of the fitted period (in hours), and e is an error term. We allowed the period length to vary from 0.5 h to 48 h (in 15 min intervals, giving 191 regressions). c, By comparing the Akaike’s information criterion64 (AIC) of all regressions, we estimated, for each nest, the length of the dominant period in the actual incubation data (best fit). Regressions with ΔAIC (AICmodel−AICmin) close to 0 are considered as having strong empirical support, while models with ΔAIC values ranging from 4–7 have less support64. In 73% of all nests, we determined a single best model with ΔAIC ≤ 3 (c, middle ΔAIC graph), in 20% of nests two best models emerged and in 6% of nests 3 or 4 models had ΔAIC ≤ 3 (c, left and right ΔAIC graphs). However, in all but three nests, the models with the second-, third- and so on best ΔAIC were those with period lengths closest to the period length of the best model (c, left and right ΔAIC graphs). This suggests that multiple periodicities are uncommon. d, e, The extraction of the period length (described in a–c) requires continuous data sets, but some nests had long (>6 h) gaps between two consecutive incubation bouts, for example because of equipment failure or because of unusual parental behaviour. In such cases, we excluded the data from the end of the last bout until the same time the following day, if data were then available again (d), or we excluded the entire day (e).


Extended Data Figure 2 Extracting incubation bouts from light-logger data.
a, An example of a nest with a light intensity signal from both parents (yellow line, female; blue line, male. The incubation bouts for a given parent reflect periods dominated by lower light values compared to those of the partner. Note the sharp drop in the light levels at the beginning of each incubation bout and the sharp increase in the light levels at the end. Change-overs between partners occur when the light signal lines cross. Such pronounced changes in light intensity detected by the logger were used to assign incubation even when only a single parent was tagged. Note that after the chicks hatch and leave the nest (9 July, vertical bar), the light intensity signals from both parents remain similar. b, An example of a nest where one incubating parent was simultaneously equipped with a light-logger and with a GPS tag. The yellow line indicates light levels, red dots indicate the distance of the bird to the nest. As expected, low light levels co-occur with close proximity to the nest, and therefore reflect periods of incubation. Although light levels decrease during twilight (light grey horizontal bar), the recordings were still sensitive enough to reflect periods of incubation, that is, the light signal matches the distance (for example 25 May: female incubated during dawn, but was off the nest during dusk). a, b, Rectangles in the background indicate incubation bouts (female, light yellow polygon; male, light blue polygon).


Extended Data Figure 3 Relationship between bout and period length for 30 shorebird species.
Each dot represents one nest (n = 584 nests), colours indicate the genus.


Extended Data Figure 4 Ecological correlates of latitude.
a, Variation in minimum temperature across the globe represented by mean minimum June temperature for the Northern Hemisphere and mean minimum December temperature for the Southern Hemisphere. b, Correlation between absolute latitude and the mean minimum temperature of the month (n = 729 nests). For each nest we used the month that contained most of the incubation data. For maximum temperature the correlation was the same (r = −0.91, n = 729 nests). c, Daily variation in sun elevation (that is, in light conditions) are represented as the difference between the noon and midnight sun elevation for the summer solstice in the Northern Hemisphere and the winter solstice in the Southern Hemisphere. d, Correlation between absolute latitude and daily variation in sun elevation for mid-day of incubation data for each nest (n = 729 nests). The points are jittered, as otherwise they form a straight line. a, c, Red points indicate the breeding site for each population (n = 91). a, b, The minimum and maximum monthly temperature data were obtained from http:\\www.worldclim.org using the raster R-package65. c, d, Sun-elevation was obtained by the ‘solarpos’ function from the maptools R-package66.


Extended Data Figure 5 Between-species variation in parental crypsis during incubation.
a, b, Shorebirds vary in how visible they are on the nest while incubating. The nearly invisible great knot (Calidris tenuirostris; a; central and facing right) sits tight on the nest when approached by a human until nearly stepped upon. In contrast, the conspicuous Eurasian oystercatcher (Haematopus ostralegus; b) is visible on the nest from afar and when approached by a human leaves the nest about 100 m in advance (Credits: a, M. Šálek; b, J. van de Kam).


Extended Data Figure 6 Phylogenetic relationships for predictors.
a, Body size, estimated as female wing length. b, Latitude (absolute). c, Escape distance. a–c, We visualized the evolution of these traits29,67 using the median (a, b; based on population medians), estimates of escape distance for each species (c) and one of the 100 sampled trees (see Methods).


Extended Data Table 1 Incubation monitoring methods and systemsFull size table


Extended Data Table 2 Effects of phylogeny and sampling on bout length and period lengthFull size table


Extended Data Table 3 Source of phylogenetic signalFull size table


Extended Data Table 4 Effect of latitude, body size, escape distance and life history on biparental incubation rhythms in shorebirdsFull size table
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All organisms have biorhythms, but in social species these have to be synchronized between individuals within a community. Here Martin Bulla et al. address the issue of how parents synchronize their biorhythms when both are caring for their offspring. Using data from 729 nests of 91 populations of 32 species of shorebirds in which parents synchronize their schedules to achieve continuous incubation of the eggs, they show that even under similar environmental conditions and despite day-long environmental cues, social synchronization can generate far more diverse behavioural rhythms than expected from studies of captive birds. The risk of predation, not starvation, might be a key determinant of biorhythmic diversity.
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