Nesting density an important factor affecting chick growth and survival in the Herring Gull (Larus argentatus). 
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Abstract: 

The Herring Gull (Larus argentatus) is one of the largest, most common, and most conspicuous gulls in North America. They are facultative, colonial nesters on Appledore Island, with pairs nesting both in dense colonies and in more isolated situations. Colonial pairs breed in mixed-species colonies with Great Black-backed Gulls (L. marinus) whereas the more isolated, solitary-nesting pairs are found around the buildings of the Shoals Marine Lab campus. As such, Appledore Island offers a unique opportunity to compare reproductive success between pairs nesting in both contexts on the same island. Chicks reared in dense colonies had a significantly higher growth rate than those reared in more isolated settings. A survival analysis in Program MARK determined that a chick's expected survival is dependent on several factors: hatch weight, hatch date, hatch order, and nesting context (dense colony vs. isolated). Additionally, C (third-hatched) chicks have a significantly higher chance of survival from hatching to fledging if they are born and reared in the dense colony than in the isolated nest setting. Differences in chick survival and growth rate could be due to differences in food quality, food delivery rates, proximity to nesting Great Black-backed Gulls, and agonistic interactions. Agonistic interactions were significantly higher in the dense subcolony, but most of these interactions were of low intensity, suggesting vigilance that has a positive impact on chick survival.
Introduction


Gulls and other seabirds often nest colonially and are well studied from a cost-benefit and net fitness perspective (Ellis and Good 2006; Ashbrook et al. 2008). Two of the main benefits of colonial nesting are group defense against predators and increased foraging success through sharing of information, in which colonies act as information centers, where less successful birds follow others to feeding sites (Götmark 1990; Hernandez-Matias et al. 2003). Numerous hypotheses have been put forth to explain why colonial nesting might also be disadvantageous, including increased disease transmission due to the close proximity of other nesting conspecifics and intraspecific predation by other individuals in the colony (Tella et al. 2001; Watanuki 1988).  In these cases; however, the benefits of nesting colonially are thought to outweigh the costs, thereby allowing coloniality in seabirds to evolve and be conserved (Ashbrook et al. 2008).


Gulls (Laridae) generally nest colonially in single or mixed species colonies of other gulls or seabirds, primarily on offshore islands devoid of terrestrial predators (Götmark 1982; Pierotti and Good 1994). In the Herring Gull, L. argentatus, coloniality appears to be facultative as birds nest in either dense subcolonies or in more isolated contexts (Pierotti and Good 1994). Investigating reproductive success in various nesting contexts is important for understanding the costs and benefits of colonial behavior. 

Appledore Island, Maine, supports hundreds of nesting Herring and Great Black-backed Gulls (L. marinus). Within the large colony of Appledore Island, there is a gradation of nesting habitats and nest densities (McGill-Harelstad 1985; Ellis and Good 2006). There are very dense subcolonies (henceforth to be known as “dense subcolony” context) as well as individuals that nest in relative isolation from other conspecifics and congeners (henceforth to be known as “loose subcolony” context).  Due to these very dissimilar nesting habitats, Appledore Island offers a unique opportunity to compare reproductive success between nesting contexts in different subcolonies on the same island. 

Herring Gull populations in New England have declined in recent decades (Brown et al. 2001; Robertson et al. 2001). Two main hypotheses to explain this trend are the decline in open landfills in the northeast (Robertson et al. 2001) and interactions with Great Black-backed Gulls in mixed species colonies, where the larger, more aggressive Great Black-backed Gulls are the main predator on Herring Gull eggs and chicks (Ellis and Good 2006). Aggression between the two species can be seen on the breeding grounds as well as during foraging interactions (Rome and Ellis 2004). These agonistic interactions generally favor the larger, stronger, Great Black-backed Gull, and result in decreased reproductive success for the Herring Gull.  Intraspecific agonistic interactions also occur more frequently in the denser the nesting colony (Butler and Janes-Butler 1982; Pierotti 1987) and more often when closely associated with breeding Great Black-backed Gulls (Ellis and Good 2006). 

Within colonies, habitat selection and nearest neighbor species seem to be some of the most important factors predicting growth rate and fledging success of Herring Gull chicks (Pierotti 1982). Individuals nesting in higher densities generally have a higher chick growth rate and fledging success (Pierotti 1982). Additionally, Herring Gull chicks have the greatest reproductive success when they nest near conspecifics (Ellis and Good 2006). 

In larids, higher quality individuals initiate laying earlier, produce larger eggs, have larger clutches, and have higher hatching success (Pierotti 1982; Kilpi 1995; Wendeln 1997; Risch and Rohwer 2000; Bogdanova et al. 2007). Clutch and egg size are known as measures of reproductive effort or investment in reproduction (Bolton 1991; Borboroglu and Yorio 2004). I hypothesized that a difference in any, or all, of these factors would strongly contribute to trends I observed in chick growth rate and/or survival after hatching between nesting contexts.

Herring Gulls are an asynchronously laying/hatching species that has 2-3 eggs per clutch, with 3 being more common than 2 (Pierotti and Good 1994). There is a large body of literature describing how hatch order greatly influences survival in Larus chicks, with the third hatched chick (C chick) experiencing greatly reduced survival compared to the first two hatched chicks (Graves et al. 1984; Pierotti and Bellrose 1986; Hario and Rudbaeck 1999; Lif et al. 2005). We predict that an expected difference in survival between chicks born and reared in the two separate nesting contexts will affect the A, B, and C chicks differently, and will possibly have a greater affect on the C chicks whose survival is inherently more variable than that of the first two hatched chicks.

The overarching objective of this study was to quantify the advantages of coloniality in a facultatively-colonial nesting bird, the Herring Gull. To test for differences in reproductive output between nesting contexts, I first compare egg and clutch size between birds nesting in dense and loose subcolonies. Second, I compare the growth rate and expected survival of Herring Gull chicks hatched in different nesting contexts. Additionally, I investigated behavioral interactions at nests located in both nesting contexts in order to explore any association between the frequency of aggressive interactions and the success or failure of nests. 

I hypothesize that if the advantages of nesting at a higher density significantly outweigh the disadvantages, then: 1) individuals nesting in the dense subcolony will have higher quality (larger) eggs, larger clutches, higher hatching success, higher average hatch weight of their chicks, and earlier hatch date of their first-hatched chicks; 2) the growth rate for chicks born and reared in dense subcolonies will be markedly greater than those for chicks born and reared in the loose subcolony and 3) there will be a negative correlation between expected survival of chicks, from hatching to fledging, in relation to nesting density. In other words, survival of chicks in the dense subcolony will be significantly higher than that of chicks in the loose subcolony, with hatch order affecting the difference in expected survival.
Methods

Study Site

This study was conducted on Appledore Island, Maine (42°58’N, 70°37’W), the largest island in the Isles of Shoals archipelago. Appledore Island is home to the Shoals Marine Laboratory, a biological research station run jointly by Cornell University and the University of New Hampshire. The Isles of Shoals are located approximately 10km from the coast of New Hampshire in the Gulf of Maine. Herring Gulls have nested on Appledore Island since the turn of the 20th century and Herring Gulls and Great Black-backed Gulls have nested together on Appledore Island since the 1940’s (Ellis and Good 2006). The population of Herring Gulls peaked in the mid-1970’s and has declined steadily since then (Borror and Holmes 1990). In the past five years, the population of Herring Gulls on Appledore Island has remained fairly stable at roughly 675 breeding pairs (J.C. Ellis, pers. comm.).

Reproductive success and growth rates


I randomly selected 60 focal nests during the incubation stage in the summer of 2009. Thirty of these nests were relatively isolated from other nesting gulls (mean distance of closest three neighboring nests EQ \O(x,ˉ) = 19.5m, the “loose subcolony” context). The other thirty nests were located in relatively dense subcolonies (mean distance of closest three neighboring nests EQ \O(x,ˉ) = 4.2m, the “dense subcolony” context). Isolated nests were selected in a variety of locations: in or under shrubs, along paths, under porches of laboratory buildings, near buildings and other human-made structures. Dense subcolony nests were located on the relatively exposed, rocky periphery of the island. Nests were permanently labeled, and the maximum width, length, and mass of each egg were recorded on the first visit. 

Each focal nest was checked daily between 0600 and 1200 and the contents were recorded. At hatching day (day 1), each chick was designated the A, B or C chick (in relation to hatching order) and a small portion of the underside was colored with a permanent marker for individual identification. Each chick was weighed to the nearest 0.1g with a 300g Pesola Scale. The exposed culmen and head + bill length were measured using calipers, to the nearest 0.1mm. These measures were used because they are good descriptors of overall size in Herring Gulls (Bogdanova and Nager 2008; Coulson et al. 1983). Each chick was re-measured on days 3, 5, 7 and 9 to generate growth curves for A, B, and C chicks. Survival of each chick was monitored daily from hatching through fledging. 
Behavioral observations were conducted during the week of 30 June – 6 July to compare frequency and magnitude of aggressive interactions between nesting contexts. All of the nests observed had 1 to 3 chicks alive at the time of the behavioral observations; chick ages ranged from 10-30 days. Ten focal nests were selected at random in both the dense and loose subcolony contexts, and each was observed for an hour on four separate occasions. Focal birds were allowed 15 minutes to resettle after the initial approach before observations were recorded. Nests were observed at a distance of at least 25 meters with binoculars. Acts of aggression, the intensity of aggression, and the recipient of the aggression were noted. Five different aggressive displays were recorded and ranged in order of intensity from Long Call (a long, laughing call given while the gull lowers then raises his head; also known as a trumpet call, given to announce an individuals presence, low intensity) and Kek/Yeow (a single note version of the long call, often given when predator approaches; also by birds observing other birds fighting, and may function to indicate state of agitation, low intensity) to Upright Posture (individual approaches slowly in rigid posture with neck stretched upward and forward with head pointed slightly downward; directed at neighbors, intruding conspecifics, moderate intensity) Grass-pulling (during territorial disputes, one or both opponents take vegetation in beak, brace feet wide apart, pull vigorously at vegetation, moderate intensity) to Fighting (attacks between neighbors that begin with jabbing at opponent with beak, grabbing opponent by tail, wing, beak, rarely by neck; birds gripping each other by beak engage in extended pulling bouts, which may last several minutes, high intensity) and other physical confrontations (high intensity; Tinbergen 1960; Pierotti 1987; Pierotti and good 1994).

Statistical Analysis

To test for potential differences among birds nesting in dense subcolonies versus more isolated locations, I compared clutch size, egg size, hatch weight, and hatching date between nesting contexts. Literature has indicated that higher quality individuals are assumed to have larger clutches, larger eggs, heavier chicks at hatching, and earlier nest initiation dates (Bolton 1991; Wendeln 1997; Christians 2002). For the purposes of this study, I wanted to examine whether or not there was any discernable difference in the measures of reproductive effort or investment in reproduction of individuals nesting in the dense subcolony versus those nesting in the loose subcolony.  

I tested for differences in clutch size using a Poisson distributed model in PROC GLIMMIX in SAS (SAS Institute 2003). Two-sample t-tests, assuming unequal variances, were preformed on average egg dimensions (length and width). To test for differences in egg size, I compared an estimate of egg volume calculated as (maximum length * maximum width2, Hipfner and Gaston 1999) between nesting contexts using a mixed linear model (PROC MIXED) with nest number as a random effect because multiple eggs were measured in each nest. Similarly, I tested for differences in the hatching weight of chicks while controlling for position in the hatch order using nest as a random variable, including an interaction between nesting context and hatch weight for each position in the hatch order. Because all nests hatched in the month of June, I used day since June 1 as the response variable when testing the influence of nesting context on hatch date. I designated hatch date as the date when the first egg in a clutch hatched. I tested for normality of residuals with PROC UNIVARIATE; no data transformations were required. I used a mixed linear model to test for differences in growth rates over time, where the response variables were weight, culmen length, and head + bill length. Explanatory variables included the influence of nesting context (categorical: dense subcolony vs. loose subcolony) and chick age (categorical: 1, 3, 5, 7, and 9 days). Chick identification was used as a random variable in all models because chicks were measured repeatedly over time. All analyses were conducted in SAS v.9.1.3.
To examine survival differences among the chicks, a survival analysis was conducted in a mark-recapture framework utilizing Program MARK (White and Burnham 1999). In order to normalize the encounter histories and make them the same length for each chick, every encounter history began on 4 June, the date of the first hatched chick in my sample, and continued everyday until 10 July (n = 37 days). In order to test the influence of nesting density, hatch weight, and hatch date on chick survival, each encounter history included several covariates: nesting context (categorical), hatch weight (continuous), and hatch date (continuous). 

Because hatching order is known to influence survival in asynchronously hatching species (Lif et al. 2005; Hario and Rudbaeck 1999; Pierotti and Bellrose 1986; Graves et al. 1984), analyses were conducted separately for each position in the hatch order (A, B, and C chicks). Within each hatch order category, a set of 15 candidate models was tested (Table 2). Because julian hatch date is a time-varying covariate we did not test any fully time dependent models (Cooch and White 2007). Only additive models were included because given the study system and the covariates of interest, interactive models did not seem biologically feasible. Approximating models were ranked using the Akaike Information Criterion, corrected for sample size (AICc; White and Burnham 1999). I used the MARK model averaging function, which weights certain models more than others with respect to how well they fit the given data, to generate survival estimates (Φ).

For the behavioral portion of the study, all levels of aggression were combined as the response variable when testing for behavioral differences between nesting contexts because the numbers of medium and high-intensity aggressive interactions were limited. A Poisson distributed generalized linear mixed model using nest as a random variable did not converge, so the final model only included nesting context as the explanatory variable influencing aggressive interactions (PROC GLIMMIX in SAS).
Results

The nest densities of birds in my study compared well with other studies where nest densities of Herring Gulls were quantified (Hunt and Hunt 1976; Burger 1980; Pierotti 1982). Comparison of nest contents between nesting contexts revealed no biologically significant differences in clutch size (F1,58 = 0.02, P = 0.878), egg length (t160 = 2.24, P = 0.026), egg width (t163 = 0.40, P = 0.692), egg volume (F1,108 = 1.14, P = 0.287), hatching success (F1,58 = 0.12, P = 0.733), or hatch dates (F1,52 = 1.06, P = 0.309, Table 3). Although the difference between egg length was marginally significant at an alpha level of 0.05, the miniscule difference between average egg length (EQ \O(x,ˉ) = 71.26mm, loose subcolony; EQ \O(x,ˉ) = 70.21mm, dense subcolony) led me to conclude there was no biologically significant difference in egg length between nesting contexts. Hatch dates were comparable between nesting contexts (F1,52 = 1.06, P = 0.309, Table 3). Weights of chicks at hatching differed according to position in the hatch order, with the first-hatched chicks being largest (F2,79 = 16.29, P < 0.001), but no differences were detected in hatch weight between dense and loose subcolony nests (F1,79 = 0.05, P = 0.816, Table 3).

Chicks from the dense subcolony nests gained more weight in the first 9 days after hatching than did chicks from the loose subcolony nests (F1,406 = 66.67, P < 0.0001,  Figure 1). On day 9, mean chick weight from dense subcolony nests (EQ \O(x,ˉ) = 210.39g ± 4.32 SE) was 49.61g, or 31%, greater than chicks from loose subcolony nests (EQ \O(x,ˉ) = 160.78g ± 6.97 SE). Similarly, culmens’ of chicks from the dense subcolony nests grew faster than those of chicks from the loose subcolony (F1,406 = 20.94, P < 0.0001). Head + bill growth was also greater for chicks from colony nests, however, this difference was marginally non-significant (F1,406 = 3.64, P = 0.057).

Furthermore, I anecdotally noted a much higher proportion of nests being attended to by at least one 4th year bird in the loose subcolony habitat (M.S. Savoca, pers, obs.). Herring Gulls become sexually mature in their 4th year; these 4th year individuals can be distinguished from full adult birds by varying amounts of remnant brown mottling on the tail and mantle left over from their subadult plumage (Pierotti and Good 1994; Howell and Dunn 2007). I added an additional 50 nests in each nesting context to supplement the data (n = 160 total nests; 80 loose subcolony, 80 dense subcolony). After doing so, I recorded that it was more than three times as likely that a 4th year bird was attending a nest in the loose subcolony (n = 21) than in the dense subcolony (n = 6).
Interestingly, I found that chicks in nests attended to by at least one 4th year parent gained weight faster on average than those nests with two parents > 4 years of age (F1,406 = 16.67, P < 0.0001). Similar results were seen for culmen and head + bill growth. (culmen: F1,406 = 7.46, P < 0.01; head + bill F1,406 = 4.66, P < 0.05). 
Of the 137 total chicks that hatched, 60 (44%) died by day 20. The first (A) chick to hatch in each nest had a distinctly greater probability of surviving to fledging (Ф = 0.59 ± 0.102 SE) than the last-hatched (C) chick (Ф = 0.19 ± 0.224 SE). Model selection results indicated that mortality was not evenly distributed between nesting contexts (Table 1). For the A and B chicks, models receiving the most weight did not always have group (nesting context) in the Ф parameter. Conversely, for the C chicks, the top 8 models (receiving > 99% of the total AIC Weight) had a group effect in the Ф parameter, indicating that nesting density had a markedly greater impact on the expected survival of the C chicks, and not necessarily on the A and B chicks. Although survival probabilities for A and B chicks were similar between nesting contexts, C chicks in the dense subcolony nests were far more likely to survive to fledging (Ф = 0.49 ± 0.219 SE) than C chicks in isolated nests (Ф = 0.02 ± 0.254 SE, Figure 2). The number of C Chicks hatched in the dense (n = 16) and loose (n = 15) subcolonies were almost identical; however, expected survival between the two nesting contexts differed greatly. 

A large majority of aggressive behaviors (> 95%) in both contexts were low intensity interactions (all interactions considered were adult-adult interactions of both species, Figure 3). The number of agonistic interactions per hour was greater at nests located in dense subcolonies than at nests located in more isolated situations (F1,78 = 217.1, P < 0.001, LSMeandense = 2.51, LSMeanisolated = 0.84). Few medium and high-intensity aggressive behaviors were observed, with most of those interactions recorded in the dense colonies (ndense subcolony = 19, nloose subcolony = 7).

Discussion

My results did not support my first hypothesis; I initially hypothesized that individuals nesting in the dense subcolony would have greater measures of reproductive effort than those nesting far from neighbors, thereby being a main contributing factor supporting any trends in chick growth and survival we recorded. However, I found no difference in egg size, hatch date, hatch weight, or number of chicks hatched, suggesting that neither individual quality nor egg predation differed between nesting contexts. Therefore, any differences in chick growth rate and expected survival should be attributed to factors other than differences in measures of reproductive effort for individuals nesting in either context. 
Although I detected no differences in the measures of reproductive effort of birds nesting in loose versus dense subcolony situations, there were considerable differences in chick growth rate, providing support for my second hypothesis that there will be a positive relationship between nesting density and chick growth rate. At each interval measured (day 1, 3, 5, 7 and 9), there was a significant difference in mean weight of chicks between nesting contexts with chicks born and reared in the dense subcolony having higher growth rates than those in the loose subcolony. The gap in average chick weight increased with each successive interval (Figure 1). Chick growth rate can be used as a proxy for fledging success and long-term chick survival (Pierotti 1982; Pierotti and Good 1994), suggesting that nesting context is an important determinant of reproductive success and, ultimately, fitness. 

My survival analysis indicated that C chicks in the dense subcolonies were far more likely to survive than the C chicks at more isolated nests (Figure 2). Interestingly, adults in the dense subcolony were not more likely to lay or hatch a third egg than those individuals in the loose subcolony, but of the C chicks that were hatched, expected survival was much greater the higher the nesting density. These results lend strong support to my third initial hypothesis that there will be a negative correlation between expected survival of chicks, from hatching to fledging, in relation to nesting density. As predicted, hatch order had a significant affect on chick survival with the C Chicks in the loose subcolony having the lowest expected survival, from hatching to fledging, of any of the groups analyzed (Figure 2).

After quantifying and analyzing these trends in chick growth rate and survival, I investigated several possible mechanisms to at least partially explain the trends observed. I anecdotally noted a higher proportion of subadult (a fully fledged and independent individual < 5 years old) individuals attending nests in the loose subcolony. I decided to supplement my data with 50 more nests in each nesting context (for a total of 80 nests per nesting context) to examine, more systematically, if this trend was widespread throughout the colony on Appledore Island. After doing so, I recorded that it was more than three times as likely that at least one 4th year bird was attending a nest in the loose subcolony than in the dense subcolony.
Growth, survival, and fledging success of Herring Gull chicks has been negatively correlated to age of the incubating individuals (Risch and Rowher 2000; Bogdanova et al. 2007). Egg predation is significantly higher when the incubating adult is a young individual and there is a markedly lower survival rate in clutches’ raised by young gulls, even when controlling for egg quality by cross-fostering clutches (Bogdanova et al. 2007). Pierotti (1982) also found that fledging success and survival of the clutch in Herring Gulls is positively correlated with hatch weight. 

Surprisingly, however, I found that chicks in nests attended to by at least one 4th year parent gained weight faster on average than those nests with two parents > 4 years of age. Similar results were seen for culmen and head + bill growth. These results are contradictory to what one would expect of chicks reared by subadult individuals. However, to determine what influence, if any, this interesting pattern of spatial distribution of 4th year individuals attending nests has on reproductive output will require a more rigorous study, and is an intriguing avenue for future research.

I also examined adult-adult agonistic interactions as a possible behavioral mechanism at least partially elucidating the trends in chick growth and survival I detected. It is important to quantify intraspecific and interspecific agonistic behaviors in mixed species breeding colonies of gulls when studying chick growth and survival because other gulls are commonly the chicks’ main predator (Watanuki 1988; Borboroglu and Yorio 2004). 

I found that aggressive interactions were more frequent at nests in the dense subcolony compared to more isolated nests.  This result was expected because there have been several studies demonstrating a positive correlation between nesting density and aggressive interactions (Butler and Janes-Butler 1982; Pierotti 1987). However, when aggressive interactions were subdivided by intensity level, > 95% of the agonistic behaviors recorded in both contexts were of low intensity. This type of behavior would suggest a defensive vigilance around the nest that probably has a positive impact on chick survival, rather than constant physical altercations (e.g. fighting, other high intensity interactions; Tinbergen 1960) which could have negative consequences on chick growth and survival. This increased level of vigilance in the dense subcolony habitat, perhaps out of necessity, might partially explain the trend in chick survival.


Additionally, food provisioning rates and overall diet quality could be fundamental aspects influencing chick growth and ultimate survival that I was not able to quantify in this study. Nesting proximity to Great Black-backed Gulls could also be an important factor in chick survival (Ellis and Good 2006). There was a higher percentage of total nest failure when the focal nest had at least one Great Black-backed Gull pair as a nearest neighbor; the result was not statistically significant, but suggests that more work should be done to test this theory.

The causes and consequences of coloniality in seabirds, larids in particular, has been heavily studied for several decades (Tinbergen 1960; Hunt and Hunt 1976; Götmark 1982; Hario and Rudbaeck 1999; Hernandez-Matias et al. 2003). The findings from this study are novel in the sense that 1) few study systems have allowed for such a direct comparison of reproductive success in regards to nesting density in Larus gulls and 2) despite the emphasis on larid adult survival (Allard et al. 2006; Ratcliffe et al. 2008), chick survival has not previously been examined using a mark-recapture analysis to determine expected survival probability based on hatch order and nesting density. Overall, these findings suggest that higher conspecific nesting density increases chick growth rate and probability of survival from hatching to fledging in Herring Gull chicks. 
Acknowledgements
My research was supported by the Research Internship in Field Science (RIFS) program from the Shoals Marine Laboratory and the Hunter R. Rawlings III Cornell Presidential Research Scholarship. I would like to thank David Bonter, Julie Ellis, Robin Hadlock Seeley, the six RIFS researchers, and the staff of Appledore Island for their support throughout the project, and Benjamin Zuckerberg for his statistical guidance. I would like to thank Nick Louis for his assistance collecting the behavioral data for this study. My work on this honors thesis for Cornell University during the 2009-2010 academic year was made possible through the advice and guidance of my research advisors Janis Dickinson and David Bonter, and the other Natural Resources honors students. I would also like to thank Evan Cooch for his assistance during data analysis.
Literature Cited

Allard, K.A., Breton, A.R., Gilchrist, G.H. and Diamond A.W. 2006. Adult Survival of Herring Gulls Breeding in the Canadian Arctic. Waterbirds. 29(2):163-168.
Ashbrook, K., Wanless, S., Harris, M.P. & Hamer, K.C. 2008. Hitting the buffers: conspecific aggression undermines benefits of colonial breeding under adverse conditions. Biology Letters. 4: 630-633.

Bogdanova, M.I. and Nager, R. G. 2008. Sex-specific costs of hatching last: an experimental study on herring gulls (Larus argentatus). Behavioral Ecology and Sociobiology. 62: 1533-1541.
Bogdanova, M.I., Nager, R. G. & Monaghan, P. 2007. Age of the incubating parents affects nestling survival: an experimental study of the Herring Gull (Larus argentatus). Journal of Avian Biology. 38: 83-93.
Bolton, M. 1991. Determinants of chick survival in the Lesser-black Backed Gull: relative contributions of egg size and parental quality. Journal of Animal Ecology. 60: 949-960.

Borboroglu, P.G., and Yorio, P. 2004. Habitat requirements and selection by Kelp Gulls (Larus dominicanus) in central and northern Patagonia, Argentina. Auk 121: 243-252.

Borror, A.C. and Holmes, D.W. 1990. Breeding birds of the Isles of Shoals. Shoals Marine Laboratory, Ithaca, NY.

Burger, J. 1980. Territory size differences in relation to the reproductive stage and type of intruder in Herring Gulls (Larus argentatus). The Auk. 97: 733-741.

Butler, R.G., and Janes-Butler, S. 1982. Territoriality and behavioral correlates of reproductive success of Great Black-backed Gulls. The Auk. 99: 58-66.

Brown, K.M., Tims, J.L., Erwin, R.M. and Richmond, M.E. 2001. Changes in the nesting populations of colonial waterbirds in Jamaica Bay Wildlife Refuge, New York, 1974-1998. Northeastern Naturalist. 8: 275-292.

Christians, J.K. 2002. Avian egg size: variation within species and inflexibility within individuals. Biological Reviews. 77: 1-26

Cooch, E., and White, G. 2007. Program MARK: a gentle introduction. Sixth edition. Fort Collins, Colorado, USA.

Coulson, J.C., Thomas, C.S., Butterfield, J.E.L., Duncan, N., Monaghan, P., Shedden, C., 1983. The use of head and bill length to sex live gulls Laridae. Ibis. 125: 549–557
Ellis, J.C. and Good, T.P. 2006. Nest attributes, aggression, and breeding success of gulls in single and mixed species subcolonies. The Condor. 108(1): 211-219.
Fargallo, J.A., Polo, V., de Neve, L., Martin, Jose., Davila, J.A. and Soler, M. 2006. Hatching order and size-dependent mortality in relation to brood sex ratio composition in Chinstrap Penguins. Behavioral Ecology. 772-778. 
Götmark, F. 1982. Coloniality in five Larus gulls: a comparative study. Ornis Scandinavica. 13: 211-224.
Götmark, F. 1990. A test of the information centre hypothesis in a colony of Sandwich Terns (Sterna sandvicensis). Animal Behaviour. 39: 487-495.

Graves, J., Whiten, A. and Henzi, P. 1984. Why does the Herring Gull lay three eggs? Animal Behaviour. 32: 798-805.

Hario, M. and Rudbaeck, E. 1999. Dying in the midst of plenty -- the third-chick fate in nominate Lesser Black-backed Gulls Larus f. fuscus. Ornis Fennica. 76(2): 71-77.

Hernandez-Matias, A., Jover, L. and Ruiz, X. 2003. Predation on Common Tern eggs in relation to sub-colony size, nest aggregation and breeding synchrony. Waterbirds. 26(3): 280-289.

Hipfner, J. M. and Gaston, A. J. 1999. The relationship between egg size and posthatching development in the Thick-billed Murre. Ecology. 80(4):1289-1297.

Howell, S.N.G. and Dunn, J. 2007. Gulls of the Americas. Houghton Mifflin, Boston. 

Hunt, G.L. and Hunt, M.W. 1976. Gull chick survival: the significance of growth rates, timing of breeding and territory size. Ecology. 57: 62-75.

Kilpi, M. 1995. Egg Size Asymmetry Within Herring Gull Clutches Predicts Fledging Success. Colonial Waterbirds. 18(1): 41-46.
Lif, M., Hjernquist, M and Olsson, O. 2005. Long-term population trends in the Lesser Black-backed Gull Larus f. fuscus at Stora Karlso and Lilla Karlso, and initial results on breeding success. Ornis Svecica. 15: 105-112.

McGill-Harelstad, P. 1985. Mechanisms and consequences of intraspecific interactions among gulls. Ph.D. dissertation, Cornell University, Ithaca, NY.

Pierotti, R.J. 1982. Habitat selection and its effect on reproductive output in the Herring Gull in Newfoundland. Ecology. 63(3): 854-868.

Pierotti, R.J. and Bellrose, C.A. 1986. Proximate and ultimate causation of egg size and the “third-chick disadvantage” in the Western Gull. The Auk. 103: 401-407.

Pierotti, R.J. 1987. Behavioral consequences of habitat selection in the Herring Gull. Studies in Avian Biology. 10: 119-128. 

Pierotti, R. J. and T. P. Good. 1994. Herring Gull (Larus argentatus), The Birds of North America Online (A. Poole, Ed.). Ithaca: Cornell Lab of Ornithology; Retrieved from the Birds of North America Online: http://bna.birds.cornell.edu.proxy.library.cornell.edu/bna/species/124
Ratcliffe, N., Newton, S., Morrison, P., Merne, O., Cadwallender, T., and Frederiksen, M. 2008. Adult survival and breeding dispersal of Roseate Terns within the northwest European metapopulation. Waterbirds. 31: 320-329
Risch, T.S. and Rohwer F.C. 2000. Effects of parental quality and egg size on growth and survival of Herring Gull chicks. Canadian Journal of Zoology. 78(6): 967-973.
Robertson, G.J., Fifield, D., Massaro, M. and Chardine, J.W. 2001. Changes in nesting-habitat use of large gulls breeding in Witless Bay, Newfoundland. Canadian Journal of Zoology. 79(12): 2159–2167.

Rome, M.S. and Ellis, J.C. 2004. Foraging ecology and interactions between Herring Gulls and Great Black-backed Gulls in New England. Waterbirds. 27(2): 200-210.
SAS Institute. 2003. SAS v. 9.1. Cary, North Carolina.

Stenning, M.J. 1996. Hatching asynchrony, brood reduction and other rapidly reproducing hypotheses. Trends in Ecology and Evolution. 11(6): 243-246. 

Tella, J.L., Forero, M.G., Bertellotti, M., Donazar, Blanco, G. & Ceballos, O. 2001. Offspring body condition and immunocompetence are negatively affected by high breeding densities in a colonial seabird: a multiscale approach. Proc. R. Soc. Lond. 268: 1455-1461.
Tinbergen, N. 1960. The Herring Gull’s world. Harper and Row, Boston.
Watanuki, Y. 1988. Intraspecific predation and chick survival: comparison among colonies of Slaty-backed Gulls. Oikos. 53: 194-202.

Wendeln, H. 1997. Body mass of female Common Terns (Sterna hirundo) during courtship: relationships to male quality, egg mass, diet, laying date and age. Colonial Waterbirds. 20(2): 235-243.

White, G.C. and Burnham, K.P. 1999. Program MARK: Survival estimation from populations of marked animals. Bird Study. 46: 120-138.
	All Chicks (binned)

	Model
	AICc
	∆ AIC
	AICc Weight
	# Par. 
	Deviance 

	{Φ(group+julian+hatch)p(group)}
	559.141
	0
	0.17376
	7
	544.954

	{Φ(group+weight+julian+hatch)p(group)}
	559.341
	0.2005
	0.15718
	8
	543.101

	{Φ(group+weight+hatch)p(group)}
	560.076
	0.9346
	0.10889
	7
	545.889

	{Φ(group+hatch)p(group)}
	560.427
	1.286
	0.09135
	6
	548.287

	{Φ(group+julian+hatch)p(.)}
	560.666
	1.5252
	0.08105
	6
	548.526

	{Φ(group+weight+julian+hatch)p(.)}
	560.886
	1.7454
	0.0726
	7
	546.699

	{Φ(group+weight+hatch)p(.)}
	561.597
	2.4559
	0.05089
	6
	549.4568

	{Φ(group+hatch)p(.)}
	561.915
	2.7744
	0.0434
	5
	551.8155

	{Φ(group+weight+julian)p(group)}
	562.183
	3.0423
	0.03796
	6
	550.0432

	{Φ(julian+hatch)p(group)}
	563.134
	3.9934
	0.02359
	6
	550.9943

	{Φ(weight+julian+hatch)p(group)}
	563.219
	4.0785
	0.02261
	7
	549.0324

	{Φ(weight+hatch)p(group)}
	563.538
	4.3974
	0.01928
	6
	551.3983

	{Φ(group+weight+julian)p(.)}
	563.724
	4.5832
	0.01757
	5
	553.6243

	{Φ(group+weight)p(group)}
	564.199
	5.0585
	0.01385
	5
	554.0995

	{Φ(julian+hatch)p(.)}
	564.530
	5.3887
	0.01174
	5
	554.4298

	{Φ(weight+julian+hatch)p(.)}
	564.643
	5.5019
	0.0111
	6
	552.5028

	{Φ(weight+julian)p(group)}
	564.689
	5.5477
	0.01085
	5
	554.5888

	{Φ(weight+hatch)p(.)}
	564.937
	5.796
	0.00958
	5
	554.8371

	{Φ(group+weight)p(.)}
	565.709
	6.5684
	0.00651
	4
	557.6429

	{Φ(weight)p(group)}
	565.92
	6.7831
	0.00585
	4
	557.8576

	{Φ(group+julian)p(group)}
	565.930
	6.7887
	0.00583
	5
	555.8298

	{Φ(weight+julian)p(.)}
	566.134
	6.9931
	0.00527
	4
	558.0676

	{Φ(weight)p(.)}
	567.344
	8.2034
	0.00287
	3
	561.3045

	{Φ(group+julian)p(.)}
	567.433
	8.2923
	0.00275
	4
	559.3668

	{Φ(julian)p(group)}
	568.326
	9.1848
	0.00176
	4
	560.2593

	{Φ(julian)p(.)}
	569.730
	10.5887
	0.00087
	3
	563.6898

	{Φ(group)p(group)}
	569.817
	10.676
	0.00083
	4
	561.7505

	{Φ(group)p(.)}
	571.262
	12.1214
	0.00041
	3
	565.2225

	{Φ(.)p(.)}
	572.430
	13.2895
	0.00023
	2
	568.4105

	
	
	
	
	
	


Table 1: Model selection results for global analysis of chick survival in relation to nesting context (group), time of season (julian), weight at hatching (weight) and hatch order (hatch). Models with the greatest support (delta AICc <2; delta AICc values of less than 2 are typically considered equivalent models) are in bold. The top 9 models (totaling 81.7% of total AIC Weight) have group in the Φ parameter indicating that nesting habitat (group) has a significant affect on chick survival.

	A Chicks

	Model
	AICc
	∆ AIC
	AICc Weight
	# Par. 
	Deviance 

	{Φ(.)p(.)}
	180.6427
	0
	0.23389
	2
	176.5981

	{Φ(weight)p(.)}
	181.4533
	0.8106
	0.15596
	3
	175.3637

	{Φ(group)p(.)}
	182.0989
	1.4562
	0.11293
	3
	176.0093

	{Φ(julian)p(.)}
	182.6821
	2.0394
	0.08437
	3
	176.5925

	{Φ(group+weight)p(.)}
	182.9026
	2.2599
	0.07556
	4
	174.7528

	{Φ(weight)p(group)}
	183.3613
	2.7186
	0.06007
	4
	175.2114

	{Φ(weight+julian)p(.)}
	183.4543
	2.8116
	0.05734
	4
	175.3045

	{Φ(group)p(group)}
	184.0051
	3.3624
	0.04354
	4
	175.8553

	{Φ(group+julian)p(.)}
	184.1568
	3.5141
	0.04036
	4
	176.007

	{Φ(julian)p(group)}
	184.5897
	3.947
	0.0325
	4
	176.4399

	{Φ(group+weight)p(group)}
	184.8245
	4.1818
	0.0289
	5
	174.599

	{Φ(group+weight+julian)p(.)}
	184.9627
	4.32
	0.02697
	5
	174.7372

	{Φ(weight+julian)p(group)}
	185.3777
	4.735
	0.02192
	5
	175.1522

	{Φ(group+julian)p(group)}
	186.0785
	5.4358
	0.01544
	5
	175.8529

	{Φ(group+weight+julian)p(group)}
	186.9004
	6.2577
	0.01024
	6
	174.5834

	
	
	
	
	
	

	B Chicks

	Model
	AICc
	∆ AIC
	AICc Weight
	# Par. 
	Deviance 

	{Φ(julian)p(group)}
	241.6137
	0
	0.18633
	4
	233.439

	{Φ(julian)p(.)}
	241.8938
	0.2801
	0.16198
	3
	235.7895

	{Φ(.)p(.)}
	242.6132
	0.9995
	0.11304
	2
	238.5613

	{Φ(weight+julian)p(group)}
	243.4863
	1.8726
	0.07306
	5
	233.2232

	{Φ(group+julian)p(group)}
	243.6724
	2.0587
	0.06656
	5
	233.4092

	{Φ(weight+julian)p(.)}
	243.7666
	2.1529
	0.0635
	4
	235.5919

	{Φ(group+julian)p(.)}
	243.9466
	2.3329
	0.05804
	4
	235.7719

	{Φ(weight)p(group)}
	244.0191
	2.4054
	0.05597
	4
	235.8444

	{Φ(weight)p(.)}
	244.2867
	2.673
	0.04896
	3
	238.1824

	{Φ(group)p(group)}
	244.4186
	2.8049
	0.04584
	4
	236.244

	{Φ(group)p(.)}
	244.645
	3.0313
	0.04093
	3
	238.5407

	{Φ(group+weight+julian)p(group)}
	245.5532
	3.9395
	0.02599
	6
	233.1831

	{Φ(group+weight+julian)p(.)}
	245.8292
	4.2155
	0.02264
	5
	235.5661

	{Φ(group+weight)p(group)}
	246.1063
	4.4926
	0.01971
	5
	235.8431

	{Φ(group+weight)p(.)}
	246.3506
	4.7369
	0.01745
	4
	238.1759

	
	
	
	
	
	

	C Chicks

	Model
	AICc
	∆ AIC
	AICc Weight
	# Par. 
	Deviance 

	{Φ(group)p(group)}
	127.2944
	0
	0.38926
	3
	121.047

	{Φ(group+weight)p(group)}
	129.2727
	1.9783
	0.14476
	4
	120.8561

	{Φ(group+julian)p(group)}
	129.2756
	1.9812
	0.14455
	4
	120.8589

	{Φ(group)p(.)}
	129.3227
	2.0283
	0.14119
	3
	123.0753

	{Φ(group+weight+julian)p(group)}
	131.2991
	4.0047
	0.05256
	5
	120.6675

	{Φ(group+julian)p(.)}
	131.3024
	4.008
	0.05247
	4
	122.8858

	{Φ(group+weight)p(.)}
	131.3063
	4.0119
	0.05237
	4
	122.8897

	{Φ(group+weight+julian)p(.)}
	133.3312
	6.0368
	0.01903
	5
	122.6996

	{Φ(julian)p(group)}
	139.3435
	12.0491
	0.00094
	3
	133.0961

	{Φ(weight)p(group)}
	139.7301
	12.4357
	0.00078
	3
	133.4827

	{Φ(.)p(.)}
	140.057
	12.7626
	0.00066
	2
	135.9345

	{Φ(weight+julian)p(group)}
	140.7045
	13.4101
	0.00048
	4
	132.2878

	{Φ(julian)p(.)}
	140.9947
	13.7003
	0.00041
	3
	134.7473

	{Φ(weight)p(.)}
	141.3844
	14.09
	0.00034
	3
	135.137

	{Φ(weight+julian)p(.)}
	142.3796
	15.0852
	0.00021
	4
	133.963


Table 2: Models and model selection results for chick survival, separated by hatch order (chick A, B, or C). Models test for the influence of nesting context (group), weight at hatching (weight), and date (Julian). Models with the greatest support (delta AICc <2; delta AICc values of less than 2 are typically considered equivalent models) are in bold.  The top 8 models (totaling 99.6% of total AIC Weight) in the C chicks’ model set have group in the Φ parameter, indicating that nesting habitat (group) has a significant affect on C chick survival.

	 
	Loose Subcolony Nests
	Dense Subcolony Nests
	 
	 

	 
	Average
	SE
	Average
	SE
	F-value
	P-value

	Clutch Size
	2.83
	0.069
	2.77
	0.092
	0.02
	0.88

	Egg Width
	49.47
	0.179
	49.37
	0.202
	0.397(t-stat)
	0.69

	Egg Length
	71.28
	0.362
	70.21
	0.296
	2.24(t-stat)
	0.026

	Egg Volume*
	55.89
	0.270
	55.49
	0.270
	1.14
	0.29

	Hatch Weight
	64.01
	0.846
	63.67
	0.698
	0.05
	0.82

	Hatch Date
	11-Jun
	0.798
	12-Jun
	0.841
	1.06
	0.31

	# Hatched
	2.37
	0.148
	2.20
	0.194
	0.12
	0.73


Table 3: All measures of reproductive effort that were documented at the beginning of the study. Besides a marginally significant difference in egg length, there was no difference between nesting habitats in any of the measures taken.
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*Estimated egg volume calculated as:
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Figure 1: The mean weight (± SE) of chicks at days 1, 3, 5, 7 and 9. These results were utilized to quantify the difference in growth rate between nesting habitats. At every interval, the chicks born and reared in the dense subcolony had significantly higher growth rates than those in the loose subcolony, with the difference increasing at each successive interval.
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Figure 2: Differences in expected survival for A, B and C chicks (± SE), from hatching to fledging, based on nesting context. These results indicate a significant difference in expected survival for the C chicks, with those chicks born and reared in the dense subcolony having a significantly higher expected survival, from hatching to fledging, than chicks in the loose subcolony context.
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Figure 3: Aggressive interactions in both nesting locations subdivided into three different intensity levels (± SE). Five different aggressive displays were recorded: long call and kek/yeow (low intensity); upright posture, grass-pulling (moderate intensity); fighting, hitting and other physical confrontations (high intensity). The number of agonistic interactions per hour was greater at nests located in dense subcolonies than at nests located in the loose subcolony.
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