Inter-year differences in survival of Atlantic puffins Fratercula arctica are not associated with winter distribution
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Abstract  Miniature geolocator loggers (Global Location Sensing (GLS)) that provide daily locations of birds have revolutionized the study of winter ecology and migration patterns of seabirds.  A long-term study of ringing recoveries and analyses of heavy metals and pollutants in tissues of Atlantic puffins Fratercula arctica from the Isle of May, southeast Scotland suggested that this population wintered mainly within the North Sea. However, deployment of GLS devices over the 2007/08 winter showed that many breeding birds made major excursions into the east Atlantic. This winter was the second of two when survival was extremely low (survival in 2006/07 and 2007/08 was 0.696 and 0.695, respectively, compared to the average of 0.922 over the period 1984/85–2005/06).  These low rates of survival suggested that the unexpected use of the Atlantic might have been associated with unusually poor conditions in the North Sea as indicated by very low breeding success in 2007. Survival rate returned to previous levels in 2008/09 providing the opportunity to test whether higher survival was associated with birds remaining in the North Sea, or whether movements into the Atlantic are a feature of this population unrelated to survival. Accordingly geolocators were deployed over the 2009/10 winter when adult survival was subsequently established to be high (0.913). We found greater support for the hypothesis that winter distribution is not associated with survival. Thus 8 (40 %) of 20 individuals followed in 2009/10 went into the Atlantic, a rate not significantly different from 11 (58 %) of the 19 followed in the 2007/08 winter. Indeed, birds actually spent longer in the Atlantic and used a wider variety of areas in 2009/10, although the time spent away from the colony was significantly shorter than in 2007/08. 
Since our data were from individuals that survived, remaining in or moving out of the North Sea can both be successful strategies during winters when the population as a whole shows either high or low survival rates. Unfortunately, we do not know where birds that died had gone and hence the relative survival of birds that did or did not move into the Atlantic. Determining the link between survival and wintering area for any seabird remains a formidable challenge and will have to await the development of technologies that can determine both where and when birds die. 




Introduction


Although the breeding biology of many seabirds is well documented, until recently there was a major gap in our knowledge of seabird migration and wintering areas. What little information there was came mostly from recoveries of ringed birds killed by hunters or washed up on beaches, both of which undoubtedly give biased results (Wernham et al. 2002). Surveys of birds at sea can indicate important feeding areas but in most cases it is impossible to know from which colonies the birds originated, their age or breeding status.  Numbers of breeding seabirds are declining at many colonies in the northeast Atlantic (Barrett et al. 2006; JNCC 2012), and since most mortality appears to occur outside the breeding season (Newton 1998), information on distribution during the nonbreeding period is an essential pre-requisite for identifying the key environmental drivers of these changes.
The development of miniature geolocator loggers (Global Location Sensing (GLS)) that provide locations of birds on a daily basis, has revolutionized the study of the winter ecology and migration patterns of seabirds (Wilson et al. 1992; Hill 1994; Guilford et al. 2009; Egevang et al. 2010; Frederiksen et al. 2012). In many cases, the findings have confirmed conclusions based on ringing recoveries and at-sea surveys, but in others there have been unexpected results. For instance, recent GLS data from northern gannets Morus bassanus  breeding in Canada indicate that the Gulf of Mexico is a much more important wintering area than previously suspected, and moreover, that a few individuals regularly  migrate across the Atlantic to winter off northwest Africa (Fifield 2011, Montevecchi et al. 2012). Similarly, GLS data from Westland petrels Procellaria westlandica from New Zealand colonies revealed that birds wintered on the Patagonian shelf, a region where the species had previously not been recorded, presumably because birds had been misidentified as white-chinned petrels  P. aequinoctialis (Landers et al. 2011).
Geolocators provide new opportunities to explore links between winter movements and seabird population dynamics.  Timing of movements and winter destinations may vary between years depending on environmental conditions or intrinsic mechanisms such as density dependence or carry-over effects (Newton 2008; Inger et al. 2010; Bogdanova et al. 2011; Catry et al. 2013).  Such variation may have major consequences for survival probability.  In this study, we used geolocators to explore the link between winter distribution and survival in the Atlantic puffin Fratercula arctica (hereafter puffin), an abundant and widespread species in the northern North Atlantic where numbers are currently declining at many colonies (Harris and Wanless 2011). Despite large numbers of puffins being ringed, there are few recoveries and hence the wintering grounds of most puffin populations remain poorly known (Harris and Wanless 2011). However, deployments of geolocators at three colonies in the British Isles (Skomer, southwest Wales, Skellig Michael, southwest Ireland and the Isle of May, southeast Scotland) have started to clarify the situation. The studies on Skomer and Skellig Michael confirmed the long held belief that puffins breeding in western Britain disperse widely to the west Atlantic and west Mediterranean outside the breeding season (Harris 1984b; Guilford et al. 2011; Jessopp et al. 2013).  In contrast, work on the Isle of May challenged the view based on ring recoveries and heavy metal/pollutant levels that this population remains in the North Sea in winter (Harris 1984a; Harris 1984b). Rather, the geolocation work showed that almost half of the tracked birds left the North Sea for some of the time and made major excursions into the east Atlantic (Harris et al. 2010).  However, the 2007/08 winter when these data were collected, coincided with the second of two years when long-term demographic monitoring indicated that adult survival rates were greatly reduced. Thus, after a 50 year period of population increase at c.10% per annum, the breeding population declined by 30% between 2003 and 2008 (Harris and Wanless 2011). The reason for the exceptionally low survival over the 2006/07 and 2007/08 winters was not unequivocally established but the geolocation results hinted at the possibility that poor survival could have been associated with changes in wintering area and longer distances migration. Return rates of marked adults over the 2008/09 winter indicated that the survival of Isle of May puffins had returned to the higher levels typical of the previous three decades (Harris and Wanless 2011). This recovery provided us with the opportunity to test whether migration into the Atlantic of Isle of May puffins was a short term response associated with temporarily adverse conditions in the North Sea or a regular feature of this population that occurs irrespective of the conditions experienced during the breeding and nonbreeding periods. 

Materials and methods
Field methods 
Deployments were  carried out on the Isle of May, southeast Scotland (56o11’N, 2o34’W) during the late chick-rearing stage, 28 June–4 July 2007 and 24–25 June 2009. Geolocators (British Antarctic Survey, Mark 14) were attached, under licence from Scottish Natural Heritage to adult puffins with chicks caught in their burrows (N = 50 in 2007 and N = 26 in 2009).  Each device measured 20 x 9 x 5.5 mm, had a mass of 1.5 g and was attached to a coloured plastic leg ring. A numbered metal ring and a coloured ring were placed on the other leg to allow individual recognition in the field. In total these attachments represented ~0.9 % of the mean mass of puffins rearing a chick on the Isle of May (390g).The attachment procedure took 3–5 min after which the bird was returned to its burrow. To minimise disturbance, burrows were not checked again so breeding success of the instrumented birds was unknown. 
Puffins at some colonies, including the Isle of May, are intolerant of handling, particularly when extracted from the burrow. Effects are usually only apparent for a few days and the birds do not abandon the breeding colony (reviewed in Harris and Wanless 2011). We used light data and immersion data recorded by the geolocators (see below) to check burrow attendance of birds after the attachment of loggers. We also compared the return rates the next year of birds with devices with those of colour-ringed adults checked as part of a long-term population study in another part of the colony. 
Twenty-two (44 %) and 21 (81 %) devices deployed in 2007 and 2009, respectively, were retrieved by catching birds at, or in front of, the original or an adjacent burrow in subsequent years. Four devices had failed but we obtained data on the movements of 19 birds during the 2007/08 winter (full information on 13 of these is given in Harris et al. 2010) and 20 birds during the 2009/10 winter. Thirty-six birds were sexed using DNA extracted from 2-3 breast feathers taken under UK Home Office licence when the loggers were retrieved (Griffiths et al. 1996).  Although there were more males (25) than females (11) in our study sample, the ratio did not differ significantly from equality (χ 21 = 2.83, P = 0.09). Visual inspection of the data suggested no obvious differences between the sexes in their overwinter behaviour so data for males, females and unsexed birds were pooled. 
The survival of adult puffins on the Isle of May was assessed between 1984 and 2011 in an area 300 m away from the area where the geolocators were deployed. Breeding puffins were caught in burrows in front of a permanent hide and marked with a numbered metal ring and a unique combination of three colour-rings which together had a total mass of 2.0 g which compared with 3.5 g for birds with loggers. Searches for these birds were made in each subsequent year. Following recruitment to a breeding population, a puffin rarely, if ever, breeds more than a few metres away from its original burrow (Harris and Wanless 2011). Hence, resighting effort was concentrated in the area were birds were marked, although checks were periodically made of nearby areas. Throughout the study, additional birds were marked to replace those disappearing from the marked population.
Adult survival in the Isle of May population from year t to year t+1 is positively correlated with mean breeding success and chick mass at fledging in year t (Harris & Wanless 2011).  We therefore used these two variables as proxies to investigate the possible effect of conditions during the breeding season on subsequent overwinter survival. Annual values for breeding success and chick condition were obtained between 1984 and 2010. The former was estimated as the proportion of burrows with eggs from which a chick fledged (N = 150–200 burrows), and the latter was the mean mass at fledging of chicks weighed daily when near fledging ( N = 25–35 chicks; details in Harris and Wanless 2011).  The first date that an egg was recorded (either directly or back-calculated from the date when puffins were first seen bringing fish into the colony, or from chicks aged from their bill or wing measurements assuming an incubation period of 41 days) was used as an index of the timing of breeding.

Analysis of logger data
Light data were processed following Phillips et al. (2004) in Multitrace-geolocation (Jensen Software Systems).  Briefly, timing of dawn and dusk were estimated from light curves using a threshold of one and angles of sun elevation of -6o and -5o for the loggers deployed in 2007 and 2009, respectively, the different angle reflecting the lower light sensitivity of the loggers manufactured in 2009.  Latitude was derived from day length, and longitude from the timing of local midday in relation to GMT and Julian day.  This procedure produces two locations per day.  Although use of low light thresholds partly overcomes problems of interference in the light curves at dawn or dusk, in the 2007/08 winter, 939 locations (13.2 % of those from outside the equinox periods) were later excluded either for this reason or because they required implausible rates of travel to achieve (apparently erroneous locations identified visually in ArcGIS). This resulted in a total of 6196 validated locations (146–421 per individual). In the 2009/10 winter, 2131 locations (24.6 % of those outside the equinox periods) were excluded for the same reasons, resulting in 6536 validated locations (223–431 per individual). Locations were unavailable for variable periods between 2 September–4 November 2007 and 12 February–4 April 2008, and 31 August–25 October 2009 and 15 February–17 April 2010, when latitude estimation was not possible because of proximity to the equinoxes (Wilson et al. 1992).  However, longitudes were available for all birds during these periods and could be used to determine whether a bird was in the Atlantic or North Sea.  All validated locations were smoothed twice, following Phillips et al. (2004).  Kernel density maps in a Lambert equal-area azimuthal (North Pole) projection were generated in ArcGIS (Hawth Tools), with a cell size of 50 km and a search radius of 200 km (Croxall et al. 2005; Phillips et al. 2005).  Three loggers failed part-way through the 2007/08 winter and there was light interference in three loggers at the start of the 2009/10 winter. Hence, sample sizes vary slightly between seasonal kernel densities. We defined the Atlantic as the area west of the Orkney and Shetland Islands, extending this boundary along the 1oW meridian north of these islands; the area east of this boundary was defined as the North Sea. The inherent error in GLS positions of flying seabirds is ± ~185 km (Phillips et al. 2004).  Therefore, when >95% of GLS locations occurred east of the longitude separating the 'North Sea' from 'Atlantic waters', birds were considered to have remained in the North Sea.
The loggers stored light readings taken every 10 min. These ranged from zero (no light during the night or when the bird was down a burrow) to 64 (full light), and allowed us to define the length of each day. Each logger had a saltwater sensor that registered every 3 s whether or not it was submerged and summed the number of such immersions in each 10 min period to give a value from 0 (dry over entire period) to 200 (immersed over entire period). Dry periods include when a bird is in flight, on land or, as has been noted for auks in aquaria, short periods asleep on the water when the leg and foot can be tucked into the plumage (C.J. McCarty, T. DiMarzio, Z. Eppley, D.A. Oehler, and S. Cruciger personal communications). Combining the light and immersion data allowed us to separate when a bird was likely to be above ground at the colony (periods, often prolonged at the end of the breeding season since puffins visit the colonies for many days after their chick has fledged, of constant light and no immersion during the day) from when it was down a burrow (periods during daylight hours when the light reading was zero, usually preceded and followed by periods on the colony surface).  Constant light and no immersion could also indicate flight but such periods during the breeding season were usually of short duration with sporadic readings from the saltwater sensor, presumably due to residual moisture or salt even when the leg was retracted into the bird’s plumage. Data derived from the loggers agreed well with field observations of colony attendance and behaviour of large numbers of puffins ashore on the Isle of May. We therefore used data from the loggers to determine the dates of first and last visits to the colony and the burrow for individual birds.
Data from two loggers that failed on 20 and 21 November 2007, respectively, when the birds were in the Atlantic were excluded from the analysis of total time spent away from the colony. When testing for a difference in time spent in the Atlantic between the two winters, we took a conservative approach and assumed that these two birds had remained in the Atlantic until 26 March, the latest date recorded for the other 17 birds that travelled there in either winter. Another device failed on 31 December 2007, two months after the bird had returned from the Atlantic to the North Sea. We assumed that this bird remained in the North Sea thereafter, as no bird made two excursions into the Atlantic during the same winter. One logger failed to record saltwater immersion after 31 March 2010. At this point the bird had not returned to land so we took a conservative view and assumed that it did so on 4 April, the latest date for any of the other 19 birds tracked that spring. Repeating analyses tests excluding these assumed values did not alter any of our conclusions and had no effect on whether or not any differences were statistically significant.

Adult survival analysis
	Resightings of puffins ringed as breeding adults were modelled with the Cormack-Jolly-Seber (‘CJS’) model (Williams et al. 2002), which has year-dependent survival and resighting probabilities,  and  respectively, and no age structure (since the ages of the ringed puffins were not known). Permanent emigration is confounded with true mortality in the CJS model and survival is therefore often termed ‘apparent survival’. Nevertheless, puffins that are established breeders have high colony fidelity, such that apparent survival will be close to true survival. Previous analyses (Harris et al. 2005) have demonstrated some heterogeneity in resight probability in the form of ‘trap dependence’, i.e. birds have different probability of being resighted depending on whether or not they were seen the previous season (Pradel 1993). A structure with 1-year trap-dependence in resighting probability was therefore included in the model (details in Lahoz-Monfort et al. 2011). 
The analysis was conducted within the Bayesian framework in program JAGS v2.2.0 (Plummer 2003), using uninformative priors for all variables. Convergence of the MCMC chains was assessed visually and with the Gelman–Rubin diagnostic  (Gelman and Rubin 1992) calculated in the R package CODA (Plummer et al. 2006), using three chains started at different values. The analysis suggested that a burn-in period of 50000 samples ensured convergence ( for all parameters). Marginal posterior distributions were characterised using 50000 MCMC iterations per chain after a burn-in of 50000, and point estimates (medians) and 95% symmetric credible intervals ('95 % CI', defined as limited by quantiles 2.5% and 97.5 %; King et al. 2009) were obtained by pooling all samples from the 3 chains. Model fit was assessed with the Bayesian P-value (King et al. 2009), using the Pearson  test statistic as a measure of discrepancy between observed and simulated data. The Bayesian P-value obtained (0.84) did not show strong evidence of lack of fit.
	The percentage of variation in survival explained by each covariate (breeding success and chick mass at fledging) was estimated in the framework of random effects models (Loison et al. 2002). Using a logit link-function for survival, a first model was fitted assuming a constant mean and a normally-distributed year random effect with variance  corresponding to the overall year-to-year variation on the logit scale. A second model was then fitted with a covariate and a random effect with residual variance . The percentage of variance explained by the covariate was estimated as .


Results
Device effects
Of the 39 birds fitted with devices that downloaded successfully, light and immersion data indicated that 16 (41 %) visited a burrow (presumably their own) within 2 days of logger deployment, 18 (46 %) did so 3–25 days after logger deployment, and 5 (13 %) never entered a burrow again that season despite continuing to visit the colony.  Normally, a puffin visits its burrow several times a day to feed its chick; hence, it appeared that GLS deployments had disrupted the attendance behaviour of ~60 % of birds i.e. those which took >3 days to go down their burrow or deserted completely. Although four of the five birds that did not return to their burrow were the earliest to leave the colony, departure dates for the remainder accorded broadly with typical departure dates from the Isle of May i.e. the second half of July, although detailed observations for the two seasons were not available.  There was no evidence that the level of device-related disruption (estimated as the number of days between logger deployment and return to a burrow or, for birds that never re-entered the burrow, the number of days between deployment and the mean date when birds with loggers left the colony) was related to whether the bird left the North Sea (t32 = 0.63, P = 0.53). 
Twenty-five (50 %) of the GLS birds from 2007 were seen back at the colony in 2008. This return rate did not differ significantly from that of the colour-ringed adults used in the survival analyses (see below) that were checked more intensively (58.8 %, N = 148, χ21 = 1.17, P = 0.28). Similarly, of the 26 GLS birds in 2009, 25 (96.2 %) were seen in 2010, a value which did not differ significantly from that of colour-ringed birds (90.9 % (140/154); Fisher exact test, P = 0.70). Return rates of GLS birds did not, therefore, differ from those of colour-ringed birds in either winter indicating that the devices had not adversely affected survival and, crucially, that survival of GLS birds mirrored that of birds in the demographic study. 

Wintering areas
Puffins from the Isle of May showed considerable variation in their overwintering areas (Fig. 1). Over the two winters combined, 20 individuals (51 %) remained within the North Sea throughout the winter with 14 (36 %) staying within ~300 km of the colony and six (15 %) spending some time in the central North Sea towards southwest Norway. The other 19 individuals (49 % of those tracked) remained in the northwest North Sea for a few days to several months after leaving the colony, before travelling west around the north of Scotland into the Atlantic. Here they dispersed widely, with individuals heading west to Greenland (35oW), north to Iceland (67oN) and south to the Bay of Biscay (45oN), in some cases spending time in more than one of these regions (Fig. 2).  The six individuals that spent time off southwest Ireland and in the Bay of Biscay were there mainly between January and March and returned to the North Sea via the west and north of Scotland and not through the English Channel. Fewer puffins left the North Sea in 2009/10 compared to 2007/08 but the difference was not statistically significant (8 of 20 compared to 11 of 19; Fisher exact test, P = 0.34).

Wintering phenology
Field observations indicated that first return dates to the colony and first egg dates were 2 and 15 April in 2007, 1 and 19 April in 2008, 16 March and 1 April in 2009 and 8 March and 2 April in 2010. Prior to 2007, average values for the Isle of May were 20 March (N = 32 years) for first return, and 8 April (N = 34 years) for first egg, suggesting that 2007 and 2008 were relatively late breeding seasons while 2009 and 2010 were relatively early. No field observations were made of when birds left the colony in 2007 and 2009 but results for the GLS birds indicated that although the 2007 breeding season was late compared to that of 2009, puffins left the colony earlier (Table 1). However, in accord with the observational data, birds returned later in 2008 compared to 2010. Therefore, on average, puffins were away from the colony for 19 days more in the 2007/08 winter compared to the situation in 2009/10.
In 2007 the 11 birds that entered the Atlantic left the colony significantly earlier than the nine that remained in the North Sea (medians 21 July and 25 July; Mann-Whitney W = 108.5, P = 0.02). However, the first three GLS birds to leave (on 5, 17 and 17 July) were all birds that had deserted their burrows after deployment so the early departure could well have been associated with our disturbance. In 2009 the median departure dates of birds that went to the Atlantic and those that stayed in the North Sea were identical (both 27 July). In 2008, birds that had been to the Atlantic returned to the colony 4 days earlier than those that had not whereas in 2010 the situation was reversed with Atlantic birds returning 2 days later. However, neither of these differences was statistically significant (Mann-Whitney tests, both P  > 0.53). Although puffins were away from the colony for longer in 2007/08 than 2009/10 (see above), in neither winter was there a significant difference between North Sea and Atlantic birds (medians both 257 days in 2007/08 and 238 and 240 days in 2009/10; Mann-Whitney tests,  P  > 0.90). However, the birds that migrated into the Atlantic in 2009/10 spent significantly longer there compared to those in 2007/08 (129.5 days compared to 79 days, Mann-Whitney test W = 76, P = 0.006) and appeared to range more widely (Fig. 2).

Overwinter survival
Overwinter survival rates of breeding puffins on the Isle of May averaged 0.922 over the period 1984/5-2005/06 (Table 2). Survival in the next two seasons was extremely low (0.696 in 2006/07, 0.695 in 2007/08), falling well outside the 95 % CI of the mean for the earlier years. However, values returned to normal levels in 2008/09 and 2009/10.  Marked annual variation in breeding success and chick mass at fledging was also apparent over this period with values being low in 2007 and 2008 (Table 2). Breeding success and fledging mass were significantly correlated (r = 0.513, P = 0.007, N = 27) and in the survival model the regression coefficients for both covariates were significantly different from zero, with medians (and 95 % CI) of 0.36 (0.12, 0.61) and 0.40 (0.15, 0.66), respectively. Approximately 33 % and 31 % of the variation in annual adult survival was explained by these two factors, suggesting a considerable carry-over effect of the conditions during the summer on survival over the following winter.

Discussion
The attachment of a device, however small, to a bird has the potential to disrupt its behaviour and compromise its survival. Such effects are particularly likely in species like the puffin that have a high wing loading (Vandenabeele et al. 2012). Puffins fitted with ring-mounted geolocators were initially disturbed by the GLS deployments although whether this was due to handling stress, the additional mass of the device or a combination of these effects is unclear (Harris et al. 2012). Several studies have demonstrated that ring-mounted geolocators do not adversely affect breeding success (e.g. Quillfeldt et al. 2012) although few appear to have monitored the behaviour of birds immediately after deployment at the end of the breeding season (but see Carey et al. 2009). Thus there is currently little information with which to assess whether adverse short-term effects are common. In 2007 and 2009 we found that GLS puffins were less likely to visit burrows in the days following deployment, and a similar effect was apparent when puffins were fitted with larger and heavier back-mounted Global Positioning System loggers in 2010 (Harris et al. 2012). Breeding success differed between 2007 and 2009 (Table 2) and thus disruption associated with loggers appeared to have occurred irrespective of conditions. However, it seems likely that severe effects were relatively short-lived, and colony departure dates of most GLS birds accorded well with patterns at this colony (Harris and Wanless 2011). Thus, as far as we could tell departure dates of the majority of GLS puffins were unaffected, and we assumed that scheduling of other events during the autumn and winter was not disrupted. 
Elliott et al. (2012) found that guillemots Uria spp. fitted with ring-attached geolocators had higher levels of corticosterone and lower body masses than controls when the devices were retrieved the following year. Although survival was not depressed, the authors concluded that even these very small devices caused chronic stress.  Similarly, the attachment of geolocators to thin-billed prions Pachyptila belcheri appeared not to influence overwinter survival or foraging ecology but the birds’ hormonal response to stress differed from those of controls one year later (Quillfeldt et al. 2012). We did not record body mass or corticosterone levels so cannot rule out similar chronic effects of stress to these. However, return rates of GLS puffins did not differ from colour-ringed birds in either the low or high survival winter. From this we concluded that (1) even when conditions were severe, geolocators had not caused any substantial additional mortality and (2) behaviour and location data could be used to test whether differences in overwinter survival were associated with differences in the scheduling of overwinter events and/or the tendency to leave the North Sea. 
Elevated adult mortality rates in 2006/07 and 2007/08, combined with a similar  increase in the mortality of immature puffins were sufficient to explain the 30 % decline in the breeding population on the Isle of May between 2003 and 2008 (Harris and Wanless 2011).  Based on our preliminary findings for the 2007/08 winter that 77 % of 13 GLS birds spent some time in the Atlantic, we speculated that the high mortality was associated with poor conditions in the North Sea forcing birds to leave their normal wintering grounds (Harris et al. 2010). Breeding success and chick mass at fledging were also unusually low in 2007 suggesting that conditions in the North Sea, at least in the waters around the Isle of May, had been unfavourable during the summer and thus it was plausible that bad conditions extended into the autumn and winter. Retrieval of six more loggers in subsequent seasons that are included in the current analysis supported our original view, and final figures indicated that 58 % of the puffins had visited the Atlantic during the 2007/08 winter.  Survival over the 2009/10 winter was markedly higher than that in 2007/08 and thus, if migration into the Atlantic was a response to unfavourable conditions for overwinter survival in the North Sea, fewer birds should have moved into the Atlantic. Although the proportion of birds leaving was indeed lower in 2009/10, the difference was not statistically significant. Furthermore, although puffins were away from the colony for longer during the 2007/08 winter, those that went into the Atlantic were there for longer in 2009/10 i.e. they spent proportionally longer there when survival was high.  Thus, we found no support for the hypothesis that more Isle of May puffins would remain in the North Sea when conditions as indicated by higher adult survival, were good. 
Our results therefore support the alternative hypothesis that excursions into the Atlantic are currently a regular feature of the overwintering behaviour of puffins on the Isle of May and occur irrespective of conditions experienced during the breeding season as indicated by breeding success and chick condition, or during the winter as indicated by adult survival.  This contrasts with the previously held view, based on the comparison of ringing recoveries and pollutant levels of birds from the Isle of May and St Kilda off the west coast of Scotland, that puffins from North Sea colonies remain in the area throughout the year (Harris 1984a, 1984b). No recent data on pollutant levels are available to check if these indicate any changes, but ringing recoveries of Isle of May puffins from around 2000 onwards indicate increased usage of the waters around the Faeroes, Orkney and Shetland. However, unequivocally resolving whether the wintering range of Isle of May puffins has actually expanded into the Atlantic since the turn of the century or whether birds have always used the area but the methods to demonstrate this have previously been lacking, may never be possible. Nevertheless, changes in puffin migration behaviour are certainly plausible because environmental conditions have changed markedly. The North Sea has undergone substantial oceanographic and environmental changes including several regime shifts in recent decades (Alvarez-Fernandez et al. 2012) and the winter distribution of puffins might have responded to conditions at these decadal time scales, as opposed to annual variation in conditions.  The limited information available on the diet of puffins during the winter suggests that they eat a wide range of small fish and zooplankton (Falk et al. 1992; Hedd et al. 2010). Thus, establishing whether puffin winter distribution is driven by variation in conditions at annual or decadal scales would require better knowledge of puffin diet, annual scale data on the distribution of important prey species and a substantially longer run of overwinter distribution data than the two years we currently have available. 
In neither winter did whether or not a bird had left the North Sea significantly influence the date it returned to the colony. In 2007/08 most puffins had returned from the Atlantic by January and so broadly overlapped with North Sea birds in the period prior to colony reoccupation. In contrast, in 2009/10 many birds remained in the Atlantic until mid-February and so had less opportunity to synchronise arrival at the colony with the North Sea wintering birds. In many bird species, including puffins, pairs that breed early are more successful (Drent et al. 2003).  Although sample-sizes were low and we had no information on laying dates of the geolocator birds, there was no evidence to support the view that annual differences in overwintering phenology resulted in differences in breeding phenology. 
The distance that puffins moved away from the Isle of May varied markedly. Some individuals remained within a few hundred kilometres of the colony over the entire winter while others travelled thousands of kilometres around the north of Scotland into the Atlantic (Fig.1). Similar individual variation in migration distances and wintering areas has also been recorded for puffins from Skomer and Skellig Michael, although none of these birds stayed close to the breeding colony (Guilford et al. 2011; Jessopp et al. 2013). In addition, Guilford et al. (2011) found that individual puffins were consistent in the areas where they wintered in successive winters. Repeatability in wintering areas has been recorded in several other seabirds (e.g. Yelkouan Shearwater Puffinus yelkouan; Raine et al. 2012) and may well be a common feature (although see Dias et al. 2011). Our study was not designed to investigate individual consistency but three geolocators deployed in 2007 which were not retrieved until 2009, recorded data for two winters. All three birds used the same areas in both winters, two remaining within the northwest North Sea while the third wintered towards southwest Norway. The statement to the contrary in Harris and Wanless (2011) was based on a few fixes just west of Shetland during the autumn equinoxes that are now considered unreliable.  Assuming that results from the Isle of May, Skellig Michael and Skomer are representative of these breeding populations, indicates that there is considerable overlap of wintering areas of birds from all three colonies in the Atlantic but only Isle of May birds are present in the North Sea.  Our results also indicate that Isle of May puffins enter and leave the Atlantic around the north of Scotland even when they are destined for areas off southwest Ireland.  It was previously assumed that puffins ringed on the Isle of May and recovered in the Bay of Biscay and nearby areas, had taken the more direct route through the English Channel (Harris 1984a). Puffins are extremely uncommon in the southern North Sea (European Seabirds at Sea Specialists Group data in Harris and Wanless 2011) so it may well be that these previous records were also for birds that had taken the northern route. 
Our results have implications for understanding synchrony in the survival of adult puffins at widely separated colonies. Between 1984 and 2002, patterns of inter-year variation in adult survival at the Isle of May, Fair Isle (Shetland), Skomer, Røst and Hornøya (Norway) were similar, despite the fact that ringing recoveries of birds from these colonies suggested that in some cases wintering areas did not overlap (Harris et al. 2005). The recent GLS data suggest substantially more overlap which would be consistent with similar patterns of survival for puffins from Skomer and the Isle of May. Ringing recoveries suggest that adult puffins from Fair Isle, which lies on the boundary between the North Sea and the Atlantic, winter mainly in the Atlantic (Wernham et al. 2002). The adult survival rates of puffins from Fair Isle over the 2006/07 and 2007/08 winters were 0.718 and 0.754 respectively, well below the mean of 0.866 (95 % CI 0.850, 0.921) for the previous 20 winters (Fair Isle Bird Observatory Trust unpublished data). The coincidence of low survival for adult puffins from Fair Isle and the Isle of May over these two winters suggests strongly that both populations were adversely affected by some unknown unfavourable environmental conditions in the Atlantic. However, breeding success of puffins on Fair Isle in 2006 and 2007, at 0.47 and 0.17 chicks fledged per egg laid, respectively were, as at the Isle of May, much lower than the long-term average of 0.68 (95 % CI 0.63, 0.75; N = 19 years). Thus, as on the Isle of May, poor survival might also be a carry-over effect of poor conditions during the summer.  
Whereas some puffins from the Isle of May, Skomer and Skellig Michael winter over vast tracts of the northeast North Atlantic, migrate thousands of kilometres and in the case of Skomer have individual, and apparently repeatable, migration patterns many birds from the Isle of May, but not the other two colonies, remain within a few hundred km of the colony outside the breeding season (Guilford et al. 2011; Jessopp et al. 2013; this study). Migration is a trade-off between finding a wintering area with a good and predictable food supply, especially critical for a species such as the puffin that is flightless for part of the nonbreeding season when it replaces its main wing-feathers, and the time and energy needed to undertake the migration. A number of studies have demonstrated differential survival probabilities of migratory and resident individuals in partially migratory species (Adriaensen and Dhondt 1990; Gillis et al. 2008; Hebblewhite and Merrill 2011; Sanz-Aguilar et al. 2012).  Repeated deployment of loggers on Isle of May puffins over several winters might allow individuals to be classified as ‘North Sea’ or ‘Atlantic’ migrants so enabling survival to be followed in individuals of known migration destination. However, GLS estimates of wintering areas are based on surviving individuals and, if a bird disappears from the population, it is unclear whether it died where it normally wintered or went to a different area. As stressed by Adriaensen and Dhondt (1990), it is not that the alternative strategies should be equally successful (see also Lundberg 1988), but that an individual should travel to the area where its survival is likely to be higher. Our data show that for Isle of May puffins remaining in, or moving out of, the North Sea can both be successful strategies during winters when the population as a whole shows either high or low survival rates. Unfortunately, we do not know the destinations of birds that died and hence the relative survival of birds that did or did not move into the Atlantic. Determining the link between survival and wintering area for any seabird remains a formidable challenge and will probably have to await the development of technologies that can determine both where and when death occurs. 
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Fig. 1  The distributions of two Atlantic puffins from the Isle of May during the 2009/10 winter.  Place names mentioned in the text are shown in the top panel. The position of the Isle of May is indicated by a star. Bird 8801 (middle panel) was absent from the colony from 27 July until 23 March but never left the northwest North Sea. Bird 8803 (bottom panel) was last recorded ashore at the colony on 19 July, went west around the north of Scotland on 26 July towards Greenland to 35oW, returned east to spend three months off southwest Ireland, re-entered the North Sea in late January and was back at the colony on 26 March 

Fig. 2     Kernel density distribution of Atlantic puffins in August, September, October, November, December, January, February and July -April over the 2007/08 and 2009/10 winters. Sample sizes are shown in brackets after the month.  Kernels are not shown over land and the apparent use of areas immediately to the west of southern Scotland and northwest England are probably artefacts due to the inherent errors in fixes

Table 1 Schedule of events from departure at the end of the breeding season to return the following spring for Atlantic puffins breeding on the Isle of May. All between-winter comparisons were significant (Mann-Whitney tests all P < 0.01)


	
	
	
	2007/08 winter
	
	2009/10 winter
	

	
	N
	Median
	Range
	N
	Median
	Range

	Last date at colony
	19
	23 Jul
	5–30 July
	20
	27 Jul
	19 Jul–2 Aug

	First date in Atlantic
	11
	    19 Sept
	1 Aug–10 Nov
	8
	11 Oct
	26 Jul–13 Nov

	Last date in Atlantic
	9
	1 Dec
	28 Oct–15 Jan 
	8
	19 Feb
	8 Dec–26 Mar

	First date at colony
	16
	4 Apr
	27 Mar–21 Apr
	20
	23 Mar
	16 Mar–4 Apr

	Days spent in Atlantic 
	9
	77
	28–120
	8
	129.5
	56–240

	Days spent away from colony 
	16
	257
	246–270
	20
	238
	228–251





Table 2  Mean values for Atlantic puffin adult survival, breeding success and mass of chicks at fledging on the Isle of May 1984-2005 and annual values for 2006-10 
	Survival
	1984/85-2005/06 (95 % CI)
	2006/07
	2007/08
	2008/09
	2009/10
	2010/11

	Survival to the following summer
	0.922 (0.866, 0.963)
	0.696
	0.695
	0.888
	0.913
	0.923

	Breeding performance
	1984-2005 (95 % CI)
	2006
	2007
	2008
	2009
	2010

	Breeding success (chicks fledged burrow-1)
	0.73 (0.68, 0.78)
	0.69
	0.30
	0.48
	0.67
	0.68

	Mass at fledging (g)
	267 (262, 271)
	222
	254
	260
	266
	243


For survival, “95 % CI” refers to Bayesian credible interval, for success and mass it is 95 % confidence interval



Figure 1.  The distributions of two Atlantic puffins from the Isle of May during the 2009/10 winter.  Place names mentioned in the text are shown in the top panel. The position of the Isle of May is indicated by a star. Bird 8801 (middle panel) was absent from the colony from 27 July until 23 March but never left the northwest North Sea. Bird 8803 (bottom panel) was last recorded ashore at the colony on 19 July, went west around the north of Scotland on 26 July towards Greenland to 35oW, returned east to spend three months off southwest Ireland, re-entered the North Sea in late January and was back at the colony on 26 March.  
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Figure 2. Kernel density distribution of Atlantic puffins in August, September, October, November, December, January, February and July -April over the 2007/2008 and 2009/2010 winters. Sample sizes are shown in brackets after the month.  Kernels are not shown over land and the apparent use of areas immediately to the west of southern Scotland and northwest England are probably artefacts due to the inherent errors in fixes.
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