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Abstract
Predation is a critical selective force, facilitating the evolution of anti-predatory behaviours, such as vigilance. However, this behaviour can also be used to monitor conspecifics. Here we evaluate the antipredator and social functions of vigilance in Siberian jays. In this bird species, groups can include retained offspring that remain with their parents well beyond independence, as well as non-kin non-breeders. Mixed models showed that breeders in groups with retained offspring increased vigilance in older, open forest patches more suitable for hawk hunting. Moreover, breeders increased their vigilance in groups with more non-kin members, particularly away from forest edges where tracking of group members is more difficult. Finally, female breeders maintained their vigilance in groups with more non-kin members while males reduced vigilance, reflecting a larger need for social monitoring as male non-kin are often dominant over female breeders. These findings highlight that both predation risk and social factors influence the investment in vigilance.
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Introduction
Vigilance, where individuals lift their head to scan the environment, is one of the most studied antipredator behaviours in wild animals. Many studies show that individuals increase their vigilance when exposed to high predation risk [1]. Individuals in larger groups, however, often decrease their vigilance and increase their food intake, as the presence of other group members increases the overall scanning effort [1]. Nevertheless, many other studies report ambiguous relationships between group size and vigilance, most likely reflecting that vigilance also has a social function [2]. Vigilance can be used to monitor the locations and behaviour of competitors or social mates to gain access to resources (e.g., food, mating opportunities) or prevent loss of resources [2]. Thus, it is critical to investigate both the antipredator and social functions of vigilance behaviour to understand its evolution. 

Here, we assessed the influence of habitat structure and social factors on vigilance in Siberian jays (Perisoreus infaustus). This forest-dwelling, year-round territorial bird lives in family groups that can include both non-breeding retained offspring (hereafter kin) and unrelated non-breeders (hereafter non-kin) [3]. Visually hunting accipiter hawks are the principal predator of Siberian jays [4]. Previous work showed that breeders increase their vigilance when feeding together with kin, but decrease their vigilance when feeding together with non-kin [5]. We focussed therefore on factors that influence the vigilance behaviour of breeders while feeding alone, when their vigilance is not directly influence by the presence of other individuals. This allowed us to assess the influence of habitat structure and group composition on the vigilance of breeders [6]. 

Hawks preferably hunt along forest edges and use ambush attacks to capture prey [7], requiring that jays detect an attacking hawk quickly enough to escape predation [8]. Thus, we predicted that jays should increase their vigilance rate near forest edges and in open forests that facilitate prey detection by hawks [9]. Siberian jay breeders are nepotistic and provide kin with antipredator protection [5, 6], and therefore, we predicted that breeders increase their vigilance in groups with more kin. Male and female breeders often engage in conflicts with non-kin, displacing and even chasing them during foraging [10]. Accordingly, breeders should increase their vigilance in groups with more non-kin to track their location and behaviour. 

Materials and Methods
Study site and species
This research was conducted in a long-term study population of colour-ringed Siberian jays in northern Sweden (65° 40’ N, 19° 0’ E) [3]. Siberian jays are sexually monomorphic, and thus, all individuals were sexed molecularly [10]. We collected data on N=37 breeders from 18 groups of 2-5 individuals in the autumns of 1999 and 2000. 
 
Data collection
Siberian jay territories were visited repeatedly (mean ± S.E. = 2.78 ± 0.21 total visits) to record the behaviour of individuals foraging on a standardised feeding device with a video camera at approximately 10 m distance, so not to disturb them. Feeders, which allow up to five individuals to forage together [5, 6, 10], were placed in different locations within the group territory. We recorded the behaviour of breeders when no other individual was within 10 m of the feeder to measure vigilance of experienced individuals that were not influenced by the presence of other jays. Vigilance rates were determined from the video recordings by sampling the position of the head of breeders every two seconds, following [5]. Only instances where individuals lifted and turned their head away from the horizontal axis were categorized as vigilance, as individuals also raise their heads to swallow food [5]. 

Data analysis
Statistical analyses were carried out in the R environment [11]. Data from the Swedish National Forest Inventory (https://www.slu.se/en/Collaborative-Centres-and-Projects/the-swedish-national-forest-inventory/forest-statistics/slu-forest-map/about-slu-forest-map/) was imported into R using the raster package [12]. We extracted mean values of total tree volume, pine and spruce volume, tree height, tree age, and distance to the edge of the forest for each experimental location in R, using a 50 m circular buffer with the “extract” function. Distance to the nearest forest edge was determined with a map of forest structure in ArcGIS Desktop 10.5.1 (Environmental Systems Research Institute: Redlands, CA) and the Near tool. The map of forest structure was based on the height raster from the Swedish National Forest Inventory data and the MSPA tool [13] in The GuidosToolbox (http://forest.jrc.ec.europa.eu/download/software/guidos/).

Most forest parameters showed a high collinearity, and thus, we used a Principal Component Analysis (PCA) in the package psych [14] to reduce the dimensionality of the original set of six continuous predictors (Table 1). PC1 (labelled “forest age”) included tree height, total tree volume, and age; PC2 (labelled “distance to edge”) included distance to the nearest forest edge; and PC3 (labelled “pine volume”) included pine volume. 

We used binomial generalized linear mixed models (GLMM) in the package lme4 [15] to assess the effect of social and environmental predictors on the vigilance rate of breeders. We accounted for the variation in the total sample size among observations, using the “weights” argument in “glmer”. We included individual identity, year, and location of the feeder as random parameters in the model to control for repeated sampling. The package car [16] was used to confirm that all explanatory variables included in the full model had a low degree of multicollinearity (GVIF values < 5 for all predictors). All continuous variables were centred and scaled using the “scale” function in R. We used a model selection and averaging approach to determine which factors best predicted the vigilance rate, using the package MuMIn [17]. Initial models included PC1-3, the number of kin and non-kin in the group, and all two-way interactions. The final averaged model included all models with a ΔAICc < 2. Models included in the averaged model showed a marginal degree of underdispersion (dispersion index: 0.91-0.92) as expected of binomial models. Predicted values of the final model, including all the variables present in the models with ΔAICc < 2, were plotted using the package sjPlot [18].

Results
Breeders increased their vigilance rate in groups with more kin, particularly in older, open forest patches (Table 1, Fig. 1a). Moreover, vigilance was higher in groups with more non-kin group members, but only when further from forest edges (Fig. 1b). Males were more vigilant than females but breeder sex and the number of non-kin in the group interacted (Table 2). Females vigilance was independent of the number of non-kin group members and males decreasing vigilance with more non-kin (Fig. 1c).

Discussion
It is well established that vigilance functions as an antipredator behaviour [1]. However, few studies investigate the antipredator and social functions of vigilance simultaneously [2], limiting insights into the evolutionary drivers of this prominent behaviour. Our results support the idea that both anticipated predation risk and social factors modulate the investment in vigilance behaviour. Previous research confirmed that vigilance in Siberian jays has an antipredator function [6], reducing the predation risk of kin group members [5, 6]. Interestingly, male breeders invest more than female breeders and other group members in vigilance and other antipredator behaviours [3, 8]. This pattern is also found in other species, and may reflect that males utilize these behaviours to demonstrate their quality to others [19]. 

Remarkably, different habitat features were associated with increased vigilance rates depending on the number of kin and non-kin group members. Breeders increased their vigilance in groups with more kin when foraging in older forest patches. Most of the studied groups live in managed forests, where in older stands most of the understory is removed repeatedly to increase productivity. Thus these forests are open and provide little visual cover, facilitating prey detection by hawks [4]. 

Breeders increased their vigilance in groups with more non-kin when foraging inside core forests. Breeders often displace or chase non-kin group members that try to access food [10] and thus, are likely to track the movements of non-kin. This is more difficult inside core forests than close to forest edges, where individuals move predictably inside the forest instead of in the open. In addition, only males, decrease their vigilance with more non-kin. Female breeders are less dominant than male breeders and thus, are more likely to suffer from competition from non-kin group members [10], requiring constant levels of vigilance.

To conclude, our results support the notion that vigilance behaviour has both antipredator and social functions [2, 20]. Several studies show that individual vigilance does not always decrease as group size increases. This reflects the social function of vigilance [20], which is influenced by between-individual distance, group composition, and social rank [21-23]. However, most studies assess either the antipredator or social function of vigilance and rarely focus on individuals when not with the group. We propose that this approach can provide further insights into the evolutionary drivers of vigilance.
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Table 1. Standardized loadings of the continuous parameters included in the PCA. All variables were centred and scaled, and transformed if required, beforehand. Loadings higher than 0.8 are bolded. 

	forest parameters
	PC1
	PC2
	PC3

	log (distance to edge)
	0.21
	0.98
	0.03

	forest height
	0.93
	0.26
	0.22

	pine volume
	0.25
	0.10
	0.89

	log (spruce volume)
	0.65
	0.20
	-0.65

	total volume
	0.95
	0.20
	-0.13

	forest age
	0.84
	0.06
	0.44





Table 2. Factors associated with the vigilance rate of Siberian jays breeders foraging alone. Model averaged estimates, 95% confidence intervals (lower and upper bound) and relative importance (Σ of Akaike weights) for all explanatory variables. Variables where the CI does not include 0 and the relative importance is higher than 0.5 are displayed in bold.

	variable
	estimate
	lower CI
	upper CI
	p value
	relative importance
	N models

	intercept
	-0.74
	-1.24
	-0.24
	0.004
	-
	-

	distance to edge
	-0.16
	-0.38
	-0.03
	0.17
	0.79
	4

	number of kin in group
	-0.24
	-0.50
	0.01
	0.06
	1.00
	5

	number of non kin
	-0.12
	-0.40
	0.14
	0.35
	1.00
	5

	sex (female vs male)
	0.34
	0.12
	0.56
	0.002
	1.00
	5

	forest age
	-0.39
	-0.64
	-0.14
	0.002
	1.00
	5

	distance to edge × number of non kin
	0.10
	0.02
	0.23
	0.16
	0.79
	4

	number of kin in group × forest age
	0.34
	0.16
	0.52
	0.0003
	1.00
	5

	number of non kin × sex
	-0.22
	-0.37
	-0.08
	0.003
	1.00
	5

	distance to edge × number of kin in group
	-0.02
	-0.43
	0.14
	0.77
	0.15
	1

	number of non kin × number of kin in group
	0.01
	-0.14
	0.42
	0.79
	0.14
	1

	number of kin in group × sex
	-0.01
	-0.30
	0.11
	0.80
	0.14
	1





Figure 1. Factors influencing the vigilance rate of Siberian jay breeder foraging alone. a) Interaction between forest age and number of kin non-breeders in group; b) interaction between the number of non-kin and distance to edge; and of c) sex and number of non-kin. Model predicted values shown with their respective CIs 
