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Abstract
Background
Anthropogenic food sources (AFSs) are widespread in human-transformed landscapes and the current scale at which they occur drives ecological change at the individual, population, and community levels. AFSs are exploited extensively by common ravens, Corvus corax. Understanding how raven populations use AFSs can provide insight into their ecological responses to AFSs.

Methods
We equipped 81 ravens in the Austrian Alps with GPS-transmitters over a period of 2.75 years. Using these tracking data, we investigated how cohort differences (i.e., age, sex, and origin) and seasonal changes influence raven movement patterns (i.e., occurrence distribution and maximum daily displacement) and AFS-use (i.e., number of AFSs visited and probability of being present at any AFS) at 45 extensively exploited sites.

Results
We found that proxies for experience and dominance, inferred by age (i.e., juvenile versus adult) and origin (i.e., wild-caught versus captive-bred-released) cohorts, influenced movement patterns and the number of AFSs visited. However, all individuals were equally likely to be present at AFSs, highlighting the importance of AFSs for non-breeders in the study population. Seasonal changes in environmental conditions that affect energetic demands, the availability of natural and anthropogenic food, and foraging competition,  influenced individuals’ occurrence distributions and AFS-use. We found that under harsher conditions in autumn and winter, individuals ranged wider and depended on AFSs to a larger degree. However, contrary to expectation, they were less likely to be present at AFSs in these seasons compared to spring and summer, suggesting a trade-off between time spent moving and exploiting resources. We attribute the small ranging movements exhibited by non-breeders in spring and summer to the presence of highly territorial and socially dominant breeders. As breeders mostly stay and forage within their territories during these seasons, competition at AFSs decrease, thereby increasing the likelihood of individuals being present at any AFS.

Conclusions
We emphasize that movement and AFS-use differ according to cohort differences and the seasonality of the environment. Our results highlight that predictable AFSs affect foraging strategies among non-breeding ravens. The extent of AFS-exploitation among non-breeding ravens in our study emphasize the potential of AFSs in shaping raven movement and resource-use.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40462-022-00335-4.
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Background
Humans have supplied food deliberately and unintentionally to wild animals for over 10,000 years, however, the current scale at which anthropogenic food sources (AFSs) occur is driving ecological change [1–3]. At the individual-level, animals exploiting AFSs can experience changes in fitness (e.g., survival, reproduction) and behaviour (e.g., dispersal, foraging) [4–8]. These individual-level effects can trigger cascading changes in populations and communities (e.g., population density, trophic-level interactions), and impact overall ecosystem functioning [1, 2, 9]. It is increasingly important to understand the multiple layers of responses shaped by AFSs, given the growing and dynamic human footprint [10]. Especially under scenarios of changing AFS availability, knowledge of how populations utilise AFSs can provide insight into their ecological responses.
Anthropogenic food sources alter the quantity and quality of available resources in the environment, creating novel ecological conditions often characterized by high environmental predictability. AFSs are spatially concentrated, abundant, and stable in both space and time compared to natural food sources that are often sparsely distributed and ephemerally present [1, 11, 12]. Additionally, AFS availability often follows scheduled patterns in human activity, for example waste centres or schools operating on certain daily (7:00 am to 5:00 pm) and weekly (Monday to Friday) cycles [13, 14]. These characteristics of AFSs increase environmental predictability and influence the costs and benefits of animal foraging [11, 15]. According to optimal foraging theory, individuals should forage at AFSs if it is energetically advantageous to do so [16]. Animals may therefore exhibit different individual foraging strategies to benefit from AFSs compared to conditions with limited human influence, which could include changes in resource tracking and preferences [13, 17], time spent foraging [18], and food-searching efforts [19].
The common raven, Corvus corax, is an ecological generalist and synanthrope that thrives in human-transformed landscapes, extensively exploiting AFSs and surrounding areas [20–23]. Like other corvid species, ravens are socially and cognitively complex, and behaviourally and ecologically flexible. With these traits, they are adaptable to the dynamic conditions of anthropized areas (e.g., to human interference in both infrastructure and disturbance), and can benefit from the foraging opportunities available [3, 24, 25]. Consequently, several corvid populations across the globe have been expanding, likely aided by climate change, land-use change, and relaxation of persecution pressure [26, 27]. For raven populations, AFS exploitation has often resulted in increasing density and wider distribution through increases in individual reproduction [25] but also see [28], adult and offspring survival [7, 29], and decreases in winter mortality [30–32]. In Central Europe, where ravens were almost extinct in the mid-1900s, population growth represents recovery [27, 33, 34]. However, studies from North America highlight that population growth also has the potential to raise ecological and conservation issues including increased predation on threatened species and human-wildlife conflict [7, 25, 35].
The extent to which ravens exploit AFSs can shape ecological implications for conspecifics and other species. Among raven populations, non-breeding individuals use AFSs differently to territorial, breeding individuals. Non-breeders can travel farther than their breeder conspecifics to exploit AFSs [36] and with large numbers of non-breeders at an AFS, neighbouring breeding pairs can fail to monopolize the food source [28]. With the capacity for widespread movements, non-breeders raise concerns regarding spill-over predation, whereby individuals subsidized by AFSs invade adjacent areas, inflating predation and impacting trophic networks there [37, 38]. Far-ranging flights also pose a challenge for the non-lethal conservation management of problematic non-breeder populations, such as translocations [39] and the control of food sources [25]. Addressing these issues are complex as within non-breeder groups, individuals can differ widely in terms of foraging preferences and space use [33, 40, 41], based on age and origin (e.g., wild-reared versus released from captivity) cohorts [33, 42] and on external factors (e.g., resource type, seasonality of the environment) [23, 31]. However, by investigating individual movement patterns, we can better understand the nuances in foraging strategies and decisions made by individuals within a population [4–6, 24, 43].
In this study, we used long-term GPS-tracking data from non-breeding ravens in the Austrian Alps to investigate how differences between individuals, cohorts and external factors influence space and AFS-use. For each season and year that individuals were tracked in, we analysed their occurrence distribution and maximum daily displacement to understand movement patterns. The occurrence distribution reflects the extent of the landscape used and potentially accessible to individuals (i.e., how vagrant birds are), and the maximum daily displacement provides an understanding of which individuals pursue long- versus short-range movements [44, 45]. For AFS-use, we first identified extensively exploited AFSs in the landscape.  We then quantified the number of AFSs visited by individuals and their probability of being at any AFS in each season and year. Based on previous studies, we predicted that movement and AFS-use would vary widely among individuals and cohorts. For the latter, we expected differences between age (i.e., juvenile versus adult) and origin (i.e., wild-reared versus captive-released) cohorts, but not sex [23, 42, 46, 47], as both categories reflect potential differences in experience and social ranking [33, 48]. We also expected seasonal differences, with wider-ranging movement patterns and increased AFS-use in winter as natural resources in the environment deplete, thermoregulatory expenses increase, and some predictable anthropogenic seasonal food sources such as ski huts become available [23, 32, 49]. Using movement data to characterize foraging behaviour, we highlight how non-breeding ravens in a semi-transformed alpine landscape use AFSs and discuss the potential effects of AFSs on movement and resource-use.
Methods
Study site, species and GPS tracking
The Eastern Alps in Austria have a high elevational gradient reaching up to approximately 3,800 m above sea level (a. s. l.). The vegetation is characterized by broad-leaved forests up to 600 m a. s. l. that transitions to conifer-dominated forest above 1,200 m a. s. l. and to alpine vegetation above the tree line, which ranges between 1,800 and 2,200 m a. s. l. Mean annual precipitation and temperature vary greatly with elevation and location, ranging from 600 to 2,500 mm and − 5 to 11 °C respectively [50]. Land-use at lower elevations is dominated by forestry, mining, tourism, hunting, and recreation. In this region, non-breeding ravens aggregate in large numbers at AFSs including game parks, compost sites, and garbage dumps, which provide food throughout the year, as well as farms, ski huts, restaurants, and hotels, which operate more seasonally (with the latter three peaking in food supply across winter months) [40]. Naturally occurring food resources include carcasses, small vertebrates, grains, insects, and fruits.
We tagged ravens with GPS-transmitters at our field site in the inner Alm valley, which is situated at the northern edge of the Eastern Alps in Austria (Fig. 1). Wild-caught individuals were captured using drop-in traps [51] baited with meat and bread, placed in Cumberland Wildpark (47°48′19.08″ N, 13°56′55.32″ E). At this game park, ravens scrounge food from captive animals all year long, reaching numbers of approximately 30 individuals in summer and up to 120 in winter [14, 23]. The frequent use of the game park by ravens has made it a reliable trapping location and facilitated the long-term monitoring of the local population, with over 500 individuals marked with patagial wing tags and / or coloured leg-rings since 2007 [48]. At the Konrad Lorenz Research Station (KLF), situated 700 m away from the game park, some raven individuals that were parent-raised in captivity were released into free-flight (80 m2) [33]. Since 2018, the release of captive-bred juvenile ravens has been part of a research program on early life experiences, and once released approximately 6 months after hatching, GPS-tracking provides a way to understand how individuals inexperienced with the surrounding landscape adapt to available resources. Captive-released individuals generally integrate successfully into the non-breeding local population within a month or two [33].[image: ]
Fig. 1The field site, where ravens were tagged with GPS-transmitters, is situated at the northern edge of the Eastern Alps in Austria, indicated with a red star. The location of 45 anthropogenic food sources that were identified in this area are shown as points, grouped by resource type, against the background elevation. Major cities are indicated as white and black circles. The box in the upper left corner shows the field site in Austria and the countries neighbouring Austria. Thick black lines show the country borders while thin black lines depict country states


All study individuals were fitted with backpack-style, solar-powered GPS-transmitters (OrniTrack-25 with elevated solar panels, Ornitela UAB, Lithuania; https://​www.​ornitela.​com/​25g-transmitter). Similar to GPS-transmitters described and used in Loretto, Schuster [23], these weighed 25 g (27 g including the attachment with Teflon harness and aluminium crimps) and never exceeded 3% of the bird’s bodyweight. In the Alm valley population, the average weight of females (n = 213) is 1025 ± 70 g SD and males (n = 256) is 1150 g ± 120 g SD. Sex was determined genetically from blood samples collected when individuals were trapped. Data from the transmitters are downloaded via GSM/GPRS/3G network, stored, and managed on Movebank, a database for animal tracking data. The datasets generated  and analyzed  in this study are available in the Movebank Data Repository (https://​doi.​org/​10.​5441/​001/​1.​22nd28v7).
The non-breeder demographic comprises sexually immature juveniles (within their first year) and sub-adults (2nd and 3rd year), and sexually mature adults (3rd year onwards) that lack either a partner or defendable breeding territory [40]. Within this population, some adults can take 10 years or more to become a breeder (Loretto & Bugnyar unpublished data). Breeders maintain large territory sizes of 10km2 or more [52], which results in limited area available for other raven pairs. With a life expectancy of 10 to 15 years in the wild, ravens spend a considerable amount of time as non-breeders, as opposed to territorial breeders [42, 53]. We assigned age class based on the coloration of the mouth lining (pink for juveniles, black for sub/adults) and plumage (slightly brown for juveniles, black for sub/adults) [23], and age classes reflect the estimated minimum age. Although sexual maturity occurs at around three years of age [46], we combined the sub-adult and adult categories (> 1 year old; hereafter referred to as the ‘adult’ age class) as our study individuals were exclusively non-breeders (i.e., visual inspection of movement during breeding season did not reveal nesting activity or territorial behaviour) and we could not determine the exact age of adults at trapping (i.e., only age estimates). Furthermore, being their first year of life, juveniles have limited experience with the foraging context compared to older birds that have survived one or more winters - the season in which juveniles are most likely to die [7]. Thus, in grouping sub-adult and adults, we account for experiential age class differences.
Data analysis
We used movement data from a total of 81 non-breeding ravens, tracked between July 2017 and March 2020, of which 13 were tracked since 2017, 39 since 2018, and 29 since 2019. There were 56 wild-caught and 25 captive bred-released individuals, and 49 females and 32 males. At the time of trapping, 51 individuals were tagged as juveniles (including the 25 captive bred-released birds), 20 as sub-adults, and 10 as adults. As individuals hatch in spring, the start of spring across all years (i.e., March 21) marked when an individual transitioned between juvenile and adult age classes in our analyses (Additional file 1).
We divided the data according to astronomical seasons using the equinox dates of March 21, June 21, September 23 and December 21 as they reflect changes in food resource distribution and availability [23]. These dates also roughly correspond to seasonal changes in raven behaviour [40]. Nest building and breeding occurs between February and March (i.e., winter); chicks hatch in spring and fledge towards the end of May; fledglings stay with their parents in summer and integrate in non-breeder flocks in autumn. As tracking occurred over different lengths of time, the number of individuals for which GPS-tracking data were available in each season and year (hereafter referred to as ‘individual-season-year combinations’) varied across the study duration (Additional file 1). From our sample, tracking ended for various reasons including 23 confirmed and suspected mortalities and 13 equipment failures  (i.e., GPS transmission/battery failure and GPS backpack loss). All metrics were estimated and analyses were conducted using the statistical software R (version 4.1.1) [54].
Movement
For each individual-season-year combination, we estimated the occurrence distribution as the 95% utilisation distribution (UD) (Additional file 1) with dynamic Brownian Bridge Movement Models (dBBMM) from the “move” package [55]. A utilisation distribution describes the probability of where an animal occurs in an area at any randomly chosen moment [56] and the dBBMM approach builds on previous UD estimations by considering both the sequence of fixes along a trajectory and the time between fixes. It is particularly useful in estimating the UD for data with non-regularly sampled tracks, accounting for temporal autocorrelation and high data volumes [57]. Data were collected from sunrise to sunset, with one GPS-fix collected 6 h after sunset. Given the seasonality of daylight length in northern temperate latitudes, the ratio of daytime to night-time GPS fixes was higher in months with a longer daylight duration compared to months with a shorter daylight duration. To focus on daytime foraging, roosting and social activity at AFSs consistently across the year, we filtered the data to retain only daytime GPS-fixes, between sunrise and the start of sunset [58]. The data are of varying sampling frequency as collection depended on the available energy of the solar powered batteries in the tracking units and the objectives of other investigations on the data. The sampling ranged from every 1 s to 5 min in summer to every 1–2 h in winter, with occasionally even larger time lags.
To estimate the dBBMMs, we used the following parameters: margin of 13, window size of 31, an estimated location error of 20 m, raster cell size of 100 m, “timestep” as 1 min, and for calculating the variance, we excluded time lags that exceeded 5 h. We also measured the maximum daily displacement as the distance between an individual’s furthest GPS fix relative to its first GPS fix within a day, averaged per individual-season-year combination (Additional file 1). In addition to the UD, this metric provides an understanding of movement independent of the sampling rate.
AFS-use
Identification of AFSs
To identify yearly and seasonal AFSs, we plotted the tracking data to find clusters of GPS-fixes (i.e., at least 10 GPS fixes within a radius of 200 m) that were in proximity to anthropogenic features using high-resolution satellite imagery on Google Earth Pro (version 7.3.4.8248) (available online at http://​www.​google.​com/​earth/​index.​html). Given the irregularity in sampling rates across seasons (i.e., lots of GPS-fixes and clusters in summer versus winter) we only plotted GPS-fixes at a minimum of 15-min intervals. We extracted the GPS coordinates (taken as the centre point of a single or group of clusters) for a total of 47 sites.
From these 47 sites, we were able to clearly identify 21 large and long-term AFSs on Google Earth including 11 compost sites, 7 waste-management centers and 3 game parks (Additional file 2). From the remaining 26 sites that were smaller-scale and seasonal, we ground-truthed 11 sites with the assistance of a field technician. We were able to confirm that 9 of the 11 were indeed AFSs. The other two sites were found to be roosting or socializing areas near buildings (i.e., trees near farmhouses) with no obvious food supply and were excluded from the analysis. For the 15 AFSs that we did not ground-truth, we used the company names and profiles at the respective coordinates on Google Earth to deduce information about the foraging sites. If the misidentification rate of 18.2% (i.e., 2 out of 11 sites) from the ground-truthing also applies to these 15 remotely identified sites, then approximately 3 of them could potentially be roosting areas instead of AFSs. With two AFSs excluded from the original 26 small-scale sites, we were left with 24 smaller-scale and seasonal sites. These included 5 farms, 18 ski huts, hotels and restaurants, and the KLF aviary, where food continued to be provisioned for a few weeks after the captive-bred individuals had been released.
Taken together, the 21 larger-scale sites and 24 smaller-scale sites gave us a final sample of 45 food sources (Additional file 3; Fig. 1). The different AFSs were grouped into the broader resource types of ‘game parks’, ‘refuse sites’ and ‘huts’ (Table 1) based on similarities in site descriptions obtained from Google Earth satellite imagery (Additional file 2) and the field site visits.Table 1General description of the different anthropogenic food sources (AFSs; n = 45) used by common ravens Corvus corax, in the Austrian Alps and the resource types they were grouped in for the analyses based on similarities in site descriptions. Site descriptions for game parks (n = 3) and refuse sites (n = 18) were obtained from Google Earth satellite imagery (Additional file 2). Site descriptions for huts (n = 24) were obtained from field site visits (n = 9) and Google Earth (n = 15)


	Resource type
	AFS
	Description

	Game parks
(n = 3)
	Game parks
(n = 3)
	Game parks have animal enclosures (e.g., wild boars, fallow deer, wolves, bears) with daily food supply for captive animals

	Refuse sites
(n = 18)
	Compost sites
(n = 11)
	Contain long, tall (~ 1.5 m) rows of household and organic waste matter, mixed with woodchips and sawdust

	Waste management centres / dumps
(n = 7)
	Combine both organic and non-organic material. Non-organic waste included bales and large piles of plastics

	Huts
(n = 24)
	Ski huts, hotels, restaurants
(n = 18)
	Particularly active during winter tourism, many sites dispose kitchen scraps/garbage in the forest next to the main building (some illegally)

	Farms
(n = 5)
	Some farms were found to have small composting area close to buildings where barnyard animal waste is processed. At the end of winter, when animals are moved out to the fields, the barn compost is often raked out to compost in warming weather
Other farms had offal piles and other waste available for ravens to scavenge, increasing in abundance over the hunting season

	KLF aviary
(n = 1)
	A spacious outdoor aviary (80m2) at the Konrad Lorenz Research Station where meat scraps are placed for a few weeks after the release of captive-bred individuals




Quantifying AFS-use
We used the ‘recurse’ package [59] to examine how the number of revisitations at each identified AFS changed with buffer sizes up to 150 m in radius, beyond which individuals were not considered to be using the site. Site-specific buffers were then selected based on the best estimate of the distance above which revisitations no longer increased with radius size, or at the maximum of 150 m. For game parks (n = 3) and huts (n = 24), optimal buffer radii had a median of 80 m (ranges: 50–100 m and 20–150 m respectively). Refuse sites (n = 18) had larger radii of median 100 m (range: 50–150 m) (Additional files 3 and 4). Buffers encompassed buildings and surrounding trees where ravens frequently aggregate to roost and socialize. Such aggregations can be of large numbers, sometimes exceeding hundreds of individuals [23, 32, 46, 60]. For each individual-season-year combination (n = 376), we counted the number of AFSs visited based on the number of unique site-buffers each individual intersected with. To determine the probability of being at any AFS, we then calculated the proportion of GPS fixes within and outside a buffer for the individual-season-year combinations where the number of AFSs visited was at least 1 (n = 369). Given all individuals were either trapped or released at AFSs (i.e., Cumberland Wildpark and the KLF), the 7 combinations reporting zero AFSs visited were likely missed due to irregular sampling, short tracking times (< 24 days) and / or the possibility that they did not use an AFS post-release. Thus, these data might not be true zeroes but are presented as such in the results.
Modelling approach
We used generalised linear mixed models (GLMMs) with the ‘glmmadmb’ package [61, 62] and multi model inference with the ‘MuMIn’ package [63] to test which factors influence the occurrence distribution, average maximum daily displacement, the number of AFSs visited and the probability of being at any AFS. Collinearity among predictors was tested using the variance inflation factor (VIF) in the “car” package [64]. All VIFs were < 2, indicating that none of the predictors violated the assumption of independence [65].
The global model for each response variable included age class (i.e., juvenile, adult), origin (i.e., wild-caught, captive-released), season (i.e., autumn, winter, spring, summer), year and sex (i.e., male, female) as fixed factors. Year was included to account for inter-annual differences, but with only 4 factor levels available (2017, 2018, 2019 and 2020) we could not include it as a random factor [66]. To control for variation in sampling rate, we included the ratio of the number of GPS fixes to tracking days for each individual-season-year combination as a fixed factor in all models except for the model estimating the probability of being at any AFS, where the sampling rate was already accounted for (i.e., by calculating the proportion of GPS fixes within AFS buffers versus outside). Individual identity was included as a random factor in all models to account for non-independence in the data. We modelled the occurrence distribution and average maximum daily displacement with a log-normal distribution (identity-link function), the number of different AFSs with a Poisson error distribution (log-link function), and the probability of being inside any AFS with a binomial distribution (logit-link function). We checked the models for dispersion issues and included an additional observation-level random effect (ORLE) for the probability of being at any AFS to account for overdispersion in our binomial data [67].
We followed a multi-model inference approach and compared models with all possible predictor combinations of the global model to test competing hypotheses. The resulting ranked and weighted models are indicative of the relative support for each hypothesis [68, 69]. Models were ranked according to Akaike’s Information Criterion corrected for small sample sizes (AICc) and we report the model average results for the candidate models extracted above a threshold of ΔAICc ≤ 6 [70] (Additional file 5).We present the direction and magnitude of the parameter estimates, unconditional standard errors (Unc. SE), 95% confidence intervals (95% CI), and the relative variable importance (RVI) of the model parameters. Unconditional SEs incorporate model selection uncertainty compared to standard SEs which only consider variance [69]. In the text, we report the back-transformed coefficients and confidence intervals as ‘coefficient [2.5%, 97.5%]’. We also summarize the raw data as ‘mean ± 1 SE’ followed by range. A term was considered a good predictor of the response variable if it had a high RVI above 80%, and an effect was interpreted as positive or negative if CIs did not overlap zero.
Results
Our analysis included a total of 2,889,700 GPS fixes from 81 non-breeding ravens that were tracked between July 2017 and March 2020. On average, we had 35,675 ± 6,300 (56–201,913) GPS fixes and 286 ± 20 (7–674) tracking days per individual.
Movement
Individuals exhibited great variation in their occurrence distributions (108.22 ± 16.42 km2; 0.02–2,882.65 km2) (see Loretto, Schuster [23] for previous estimates based on 10 non-breeders from the same population) (Additional file 6) and the average maximum daily displacement (3.96 ± 0.21 km; 0.04–18.97 km) per season and year (n = 376).
Age class, origin and season were the most important predictors explaining the occurrence distribution (Table 2; Fig. 2a–c). The occurrence distribution was lower for juveniles than adults by − 56.82% [− 73.75, − 28.97], and 800.34% [288.17, 1988.28] higher for wild-caught individuals than captive-released individuals. The occurrence distribution was largest in autumn followed by a decrease in winter by − 35.46% [− 60.53, 5.52], − 83.15% [− 88.29, − 75.77] in summer and − 93.50% [− 96.00, − 89.42] in spring, with differences noted in both autumn and winter to summer and spring, and between summer and spring (Additional file 7).Table 2Model averaging outputs for the top models based on ∆AICc <  = 6 for (a) the occurrence distribution (log-normal distribution) and (b) average maximum daily displacement (log-normal distribution) for 81 individual ravens GPS-tagged for 2.75 years in the Austrian Alps


	a) Occurrence distribution (n = 376 estimates from 81 birds)

	Log-transformed model estimates
	Back-transformed estimates as % change

	Fixed effects
	Estimate
	Unc. SE
	95% CI
	RVI
	Estimate
	Unc. SE
	95% CI

	Intercept
	−  0.58
	0.64
	[− 1.84,0.68]
	 	− 43.99
	90.01
	[− 84.15, 97.86]

	JuvenileϮ
	− 0.84
	0.25
	[− 1.34, − 0.34]
	1.00
	−  56.82
	28.81
	[− 73.75, − 28.97]

	Wild-caught+
	2.20
	0.43
	[1.36, 3.04]
	1.00
	800.34
	53.39
	[288.17, 1988.28]

	Spring‡
	− 2.73
	0.25
	[− 3.22, − 2.25]
	1.00
	− 93.50
	28.12
	[− 96.00, − 89.42]

	Summer‡
	− 1.78
	0.18
	[− 2.14, − 1.42]
	1.00
	− 83.15
	20.30
	[− 88.29, − 75.77]

	Winter‡
	− 0.44
	0.25
	[− 0.93, 0.05]
	1.00
	− 35.46
	28.40
	[− 60.53, 5.52]

	2018*
	1.59
	0.44
	[0.73, 2.45]
	1.00
	391.41
	54.87
	[107.92, 1061.38]

	2019*
	2.03
	0.48
	[1.08, 2.98]
	1.00
	661.94
	62.13
	[194.63, 1870.55]

	2020*
	3.64
	0.61
	[2.44, 4.84]
	1.00
	3699.67
	84.19
	[1043.11, 12,530.22]

	Maleǂ
	0.37
	0.29
	[− 0.40, 1.14]
	0.35
	44.35
	33.59
	[− 33.29, 212.34]

	Fixes by days
	− 0.30
	0.21
	[− 0.68, 0.07]
	0.55
	− 26.21
	22.95
	[− 49.14, 7.04]


	b) Average maximum daily displacement (n = 376 estimates from 81 birds)

	Log-transformed model estimates
	Back-transformed estimates as % change

	Fixed effects
	Estimate
	Unc. SE
	95% CI
	RVI
	Estimate
	Unc. SE
	95% CI

	Intercept
	− 1.17
	0.35
	[− 1.85, − 0.49]
	 	− 69.02
	41.44
	[− 84.33, − 38.76]

	JuvenileϮ
	− 0.53
	0.13
	[− 0.78, − 0.29]
	1.00
	− 41.27
	13.34
	[− 54.09, − 24.88]

	Wild-caught+
	1.29
	0.24
	[0.83, 1.76]
	1.00
	264.58
	26.69
	[128.97, 480.50]

	Spring‡
	− 0.29
	0.17
	[− 0.54, − 0.03]
	0.49
	− 24.98
	18.52
	[− 41.81, − 3.28]

	Summer‡
	− 0.18
	0.11
	[− 0.37, 0.01]
	0.49
	− 16.31
	11.77
	[− 30.60, 0.93]

	Winter‡
	− 0.05
	0.09
	[− 0.31, 0.21]
	0.49
	− 4.87
	9.91
	[− 26.32, 22.82]

	2018*
	0.79
	0.22
	[0.35, 1.23]
	1.00
	120.87
	25.07
	[42.25, 242.94]

	2019*
	0.73
	0.24
	[0.25, 1.21]
	1.00
	107.07
	27.51
	[28.41, 233.93]

	2020*
	1.03
	0.28
	[0.47, 1.59]
	1.00
	179.25
	32.96
	[59.49, 388.95]

	Maleǂ
	0.02
	0.11
	[− 0.41, 0.45]
	0.25
	2.10
	11.64
	[− 33.60, 57.00]

	Fixes by days
	− 0.33
	0.12
	[− 0.54, − 0.12]
	0.98
	− 28.03
	12.44
	[− 41.71, − 11.13]


Reference categories: ϮAge class: ‘adult’, + origin: ‘captive-released’, ‡season: ‘autumn’, *year: ‘2017’, and ǂsex: ‘female’. Predictors with a relative variable importance (RVI) greater that 80% (i.e., 0.8) are highlighted in bold along with the respective confidence intervals (95% CI)
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Fig. 2The occurrence distribution (presented on a logarithmic scale) calculated from 81 GPS-tagged non-breeding common ravens (Corvus corax) in the Austrian Alps differed between a adults and juveniles, b captive-released and wild-caught individuals, and c seasonally. The averaged maximum daily displacement (presented on a logarithmic scale) also differed between d adults and juveniles, e captive-released and wild-caught individuals, but not f seasonally. White circles with red error bars depict model-averaged estimates from a generalised linear mixed model (GLMM), with 95% confidence intervals (Table 2)


Age class and origin, but not season, were the most important factors explaining average maximum daily displacement (Table 2; Fig. 2d–f). Juveniles had a smaller average maximum daily displacement than adults by − 41.27% [− 54.09, − 24.88]. Wild-caught individuals had a larger average maximum daily displacement than captive-released individuals by 264.58% [128.97, 480.50].
AFS-use
We analysed resource use at 45 year-round or seasonally available AFSs in Austria, with two refuse sites situated in the Czech Republic just beyond the Northern Austrian border (F10 and F11, Additional file 3; Fig. 1). More than half of the sites (n = 29) were visited by 5 or fewer tracked individuals, 10 sites were visited by 6 to 20 individuals, and only  6 sites were visited by more than 20 individuals. The most popular site, Cumberland Wildpark (F01, game park) was the location where all wild-caught ravens were trapped. Given that captive-bred individuals were released at the KLF aviary approximately 700 m away, all tracked individuals in this study had knowledge of this game park and most of them also returned to it (see [71] for another example of familiar foraging site preference). In comparison, the second and third most popular sites were a compost site (F02) and an alpine hut (F36), both attracting 45 individuals which are both close in distance to the game park (Additional file 3). These trends reflected in the proportion of points recorded inside AFS buffers by resource type, with values being the highest for game parks, followed by refuse sites and huts (Fig. 3).[image: ]
Fig. 3The proportion of GPS-fixes recorded from 79 non-breeding common ravens (Corvus corax) within buffers, which were set around AFSs (n = 45) in the Austrian Alps, was greatest for game parks, followed by refuse sites and huts


On average, per season and year, individuals visited 2.6 ± 0.1 AFSs (0–11 AFSs, n = 376), and had 19.03 ± 0.84% (0.53–90.73%, n = 369) of their total fixes located within a single buffer, indicating high site fidelity.
There was a strong effect of age, origin and season on the number of AFSs visited by individuals per season and year (Table 3; Fig. 4a–c). Juveniles visited fewer sites than adults by − 18.55% [− 31.65, − 2.94], and wild-caught individuals visited more sites than juveniles by 61.67% [27.15, 105.56]. Relative to autumn, the number of AFSs visited was higher in winter by 42.50% [20.25, 68.87], and lower in spring and summer by − 0.12% [− 19.16, 23.41] and − 3.85% [− 20.32, 16.02] respectively, with differences noted between winter and the other seasons (Additional file 7).Table 3Model averaging outputs for the top models based on ∆AICc <  = 6 for (a) the number of anthropogenic food sources (AFSs) visited (Poisson error distribution) for 81 individual ravens, and (b) the probability of an individual being at any AFS (binomial error distribution) for 79 individual ravens GPS-tagged for 2.75 years in the Austrian Alps


	a) Number of AFSs visited (n = 376 estimates from 81 birds)

	Log-transformed model estimates
	Back-transformed estimates as % change

	Fixed effects
	Estimate
	Unc. SE
	95% CI
	RVI
	Estimate
	Unc. SE
	95% CI

	Intercept
	0.43
	0.22
	[0.00, 0.86]
	 	53.53
	− 78.17
	[0.00, 135.71]

	JuvenileϮ
	− 0.21
	0.11
	[− 0.38, − 0.03]
	0.86
	− 18.55
	− 89.10
	[− 31.65, − 2.94]

	Wild-caught+
	0.48
	0.12
	[0.24, 0.72]
	1.00
	61.67
	− 87.78
	[27.15, 105.56]

	Spring‡
	0.00
	0.11
	[− 0.21, 0.21]
	1.00
	− 0.12
	− 89.24
	[− 19.16, 23.41]

	Summer‡
	− 0.04
	0.10
	[− 0.23, 0.15]
	1.00
	− 3.85
	− 90.44
	[− 20.32, 16.02]

	Winter‡
	0.35
	0.09
	[0.18, 0.52]
	1.00
	42.50
	− 91.36
	[20.25, 68.87]

	2018*
	0.34
	0.17
	[− 0.22, 0.91]
	0.15
	41.16
	− 83.35
	[− 19.47, 147.43]

	2019*
	0.40
	0.18
	[− 0.18, 0.98]
	0.15
	49.50
	− 81.55
	[− 16.16, 166.59]

	2020*
	0.31
	0.17
	[− 0.34, 0.96]
	0.15
	36.10
	− 83.03
	[− 28.80, 160.17]

	Maleǂ
	0.07
	0.06
	[− 0.13, 0.28]
	0.29
	7.66
	− 93.55
	[− 11.96, 31.66]

	Fixes by days
	− 0.04
	0.05
	[− 0.22, 0.14]
	0.26
	− 4.13
	− 95.03
	[− 19.84, 14.65]


	b) Probability of being at any AFS (n = 369 estimates from 79 birds)

	Logit-transformed model estimates
	Back-transformed estimates as probability

	Fixed effects
	Estimate
	Unc. SE
	95% CI
	RVI
	Estimate
	Unc. SE
	95% CI

	Intercept
	− 2.42
	0.29
	[− 2.98, − 1.86]
	 	0.08
	0.57
	[0.05, 0.13]

	JuvenileϮ
	− 0.13
	0.10
	[− 0.40, 0.14]
	0.36
	0.07
	0.53
	[0.03, 0.15]

	Wild-caught+
	0.00
	0.10
	[0.39, 0.39]
	0.26
	0.08
	0.53
	[0.03, 0.19]

	Spring‡
	1.16
	0.12
	[0.92, 1.40]
	1.00
	0.22
	0.53
	[0.11, 0.39]

	Summer‡
	0.67
	0.11
	[0.45, 0.88]
	1.00
	0.15
	0.53
	[0.07, 0.27]

	Winter‡
	0.60
	0.14
	[0.32, 0.87]
	1.00
	0.14
	0.53
	[0.07, 0.27]

	2018*
	0.58
	0.26
	[0.07, 1.09]
	1.00
	0.14
	0.56
	[0.05, 0.32]

	2019*
	− 0.04
	0.28
	[− 0.58, 0.50]
	1.00
	0.08
	0.57
	[0.03, 0.20]

	2020*
	− 0.09
	0.34
	[− 0.75, 0.57]
	1.00
	0.07
	0.58
	[0.02, 0.22]

	Maleǂ
	− 0.04
	0.09
	[− 0.39, 0.31]
	0.26
	0.08
	0.52
	[0.03, 0.18]


Reference categories: ϮAge class: ‘adult’, + origin: ‘captive-released’, ‡season: ‘autumn’, *year: ‘2017’, and ǂsex: ‘female’. Predictors with a relative variable importance (RVI) greater that 80% (i.e., 0.8) are highlighted in bold along with the respective confidence intervals (95% CI)
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Fig. 4The number of AFSs visited (presented on a logarithmic scale) by 81 GPS-tagged non-breeding common ravens (Corvus corax) in the Austrian Alps differed between a adults and juveniles, b captive-released and wild-caught individuals and c seasonally. The probability of being at any AFS (presented on a logit scale), determined by the proportion of GPS-fixes recorded within buffers that were set around AFSs (n = 79 individuals), did not differ between d adults and juveniles, e captive-released and wild-caught individuals but only f seasonally. White circles with red error bars depict model-averaged estimates from a generalised linear mixed model (GLMM), with 95% confidence intervals (Table 3)


Only season had high relative variable importance in explaining the probability of being at any AFS (Table 3; Fig. 4d–f). Compared to autumn individuals had higher probabilities of being at any AFS in spring (0.22 [0.11, 0.39]), summer (0.15 [0.07, 0.27]) and winter (0.14 [0.07, 0.27]. The probability of being at any AFS in spring was notably higher than all the other seasons, and in in summer and winter relative to autumn (Additional file 7).
Discussion
In this study, we found that non-breeding ravens exhibit pronounced differences in their movement patterns based on age,  origin, and the seasonality of the environment. An individual’s age (i.e., adult versus juvenile) and early life experience (i.e., wild-caught versus captive-released) strongly predicted its movement patterns and the number of AFSs visited. Adults and wild-caught birds reported a higher average occurrence distribution, maximum daily displacement, and number of AFSs visited than juveniles and captive-released birds. Seasonal changes in environmental conditions explained patterns in occurrence distribution, but not the maximum daily displacement, and in both AFS-use metrics. We illustrate how movement data can be used to characterize foraging behaviour, and how non-breeding ravens exploiting AFSs exhibit differences in foraging strategies.
Differences in age and origin cohorts
Our results show that individuals exhibit different movement and foraging patterns linked to their experience and potentially dominance status. We inferred both through the fitted predictors age and origin, which unravelled that juveniles and captive-released individuals exhibit less vagrancy (i.e., lower occurrence distribution and shorter average maximum daily displacement) and visit fewer AFSs than adults and wild-caught birds. These cohort differences, however, did not affect the probability of individuals being at any food source, suggesting that individuals are equally likely to exploit AFSs. This finding substantiates existing evidence on the importance of AFSs for non-breeders in this population [23]. We found no difference in movement or foraging behaviour between males and females, supporting previous studies on ravens’ space use [23, 42, 47] and foraging proficiency [72].
Juveniles and captive-released birds (who were released as juveniles) might lack familiarity with feeding conditions [72], knowledge of surrounding AFSs, and flying efficiency [73, 74], therefore opting for a “local” or less exploratory foraging strategy [71]. In doing so, these individuals could benefit from developing familiarity with their social and spatial environment [14, 41, 75, 76], increasing their experience and establishing social relationships before investing more in exploratory behavior [15, 33, 77]. With increased learning and memory, birds may also lower risks and costs associated with travelling across unknown areas and exploiting the resources there [11, 15, 31].
Juveniles and captive-released birds typically rank low in social settings [40, 48], and the limited exploratory behavior exhibited may reflect them being spatially limited in their access to food resources. At small and clumped food sources, high-ranking individuals are able to monopolize and defend resources from conspecifics [46]. Conversely, the quantity and distribution of food at large, and often permanent, food sources enable less-dominant individuals to neutralize defenses and access the resource despite high-ranking individuals [14, 28]. These communally exploited AFSs may therefore attract more low-ranking individuals than non-communal sites [46]. Furthermore, at communal AFSs, subordinate birds benefit from having power in numbers to overcome  defenses at food resources [78], however this is not necessarily the case in other soaring scavengers [79, 80]. In contrast, adults and wild-caught birds that are more experienced with the landscape could mitigate high levels of competition by searching for and exploiting non-communal AFSs [33, 49, 72]. With age, exploration may also increase as individuals search for partners and territories [81, 82]. For management strategies aimed at translocating individuals away from problem areas, targeting less vagrant juveniles, who are also easier to capture [39], may prove to be more effective than wide-ranging adults.
Seasonal differences
Seasonal changes in environmental conditions and food availability might reflect harshness or ecological favourability for species and result in shifting foraging tactics of individuals [30]. In temperate climates, natural food source availability decreases starting autumn through winter, and increases once again in spring. Avian scavengers, like ravens, can experience higher food-searching costs in low temperatures, high snow cover (which hides natural food sources), short day lengths, and limited opportunities for good flight conditions (e.g., fewer thermal uplifts in winter reduces flight distance and duration) [23, 31, 39, 49, 79]. When conditions get warmer, anthropogenic food availability in temperate regions can change as large amounts of garbage melt out of the snow [32], and as organic waste is raked out of barns to compost in the warming weather. Natural food sources such as insects, grain, and carcasses that appear from below avalanches also become more available. When coping with such changes, predictable AFSs may represent comparatively abundant and attractive resources to forage at [79, 81]. Our results showed that while birds maintain a similar average maximum daily displacement across all seasons, they varied in terms of how widely they dispersed across the landscape and in their AFS-use.
An increase in energy demands in colder months may prompt birds to search larger areas for AFSs or natural food. Birds had the largest occurrence distributions in autumn followed by winter, and visited the highest number of AFSs in winter. While flying can be energetically expensive, the benefits reaped from finding and exploiting food sources are likely to be greater than the costs [19], however this is may not always be the case [80]. In these seasons, AFSs may also become more desirable as shorter daylight reduces the time available for foraging. Additionally, flying in search for food could mitigate the competition that arises from many individuals relying heavily on a limited amount of resource under stressful conditions. Time spent moving between AFSs and the use of natural food sources reduces the time spent directly at AFSs, which would explain why contrary to expectation, the probability of individuals being present at any AFS was found to be low in autumn and winter.
The combination of wide-ranging movements, yet a lower number of AFSs visited in autumn may be attributed to the availability of ephemeral carcasses distributed across the landscape from the hunting seasons (in Austria: 1st August to 31st December for stag and 1st May to 31st October for roe deer and chamois, with small regional differences regarding dates). Although carcasses are also present in winter, seasonal AFSs such as skiing huts become available with the winter tourism season in the Alps. The large occurrence distribution and high number of AFSs visited in winter may therefore reflect both an increased availability of and dependency on AFSs. The heightened winter-time dependency on AFSs is further supported by studies in Greenland [49], the Austrian and Bavarian Alps [23, 83], Alaska [32], North Finland [84] and North Wales [76], that have all noted increases in the number of ravens present at AFSs in winter. Similar observations exist for other species that exploit anthropogenic resources to a larger extent during the harsher winter months such as Kea Nestor notabilis [85], Bald Eagles Haliaeetus leucocephalus [86, 87] and White storks Ciconia ciconia [88]. Given the seasonality in AFS dependency exhibited by ravens, targeted winter-time food closures could provide an effective non-lethal management strategy to control population growth. In systems where population reduction is desirable, season-based management [87] can decrease the fitness of juveniles who depend greatly on abundant food to survive through their first winter [78].
The number of AFSs visited in summer and spring were only slightly lower than in autumn despite the occurrence distributions being notably smaller. Like in autumn, the presence of more natural food sources (i.e., carcasses, insects, grain) and absence of wintertime AFSs might explain why the number of AFSs visited is comparable. Small occurrence distributions in summer and spring may result from differences in foraging and energetic requirements to winter and autumn, and may also be suggestive of breeders becoming highly territorial. Although breeders maintain territories throughout the year, they move extraterritorially especially in autumn and winter to access food resources [25, 42]. In the breeding season, which commences in late winter, through spring, and until summer, breeding pairs become highly territorial. The breeders’ rank is highest in social dominance and in a landscape saturated with breeding territories, non-breeders might be limited in their movements [25, 42]. Furthermore, the limited time spent by breeders at AFSs during the breeding season decreases competition [71], possibly explaining why the probability of being present at any AFS was the highest in spring.
Conclusions
In this study, we used broad-scale movement patterns, inferred from high resolution spatial and temporal data, of non-breeding ravens and showed that movement and resource-use differ according to individual traits and the seasonality of the environment. The age and origin cohort differences highlight how predictable AFSs can shape  foraging strategies among non-breeding ravens. Seasonal differences reveal how non-breeding ravens exploit AFSs under complex environmental conditions. Ravens can be heavily nomadic during their non-breeding life-stage [53], yet we observed them to move around and frequently revisit AFSs in our study region. The extent of AFS-exploitation among non-breeding ravens in our study emphasize the potential of AFSs in shaping raven movement and resource-use.
Acknowledgements
We thank the Cumberland Wildpark for the ongoing collaboration, specifically B Lankmaier and D Edelbacher. We thank SC Sumasgutner for ground-truthing the feeding sites, and all those who helped in trapping and GPS-tagging the ravens including I Mayer, M Holzer, J Gattringer, F Ribelli, T Schaer, V Pühringer-Sturmayr, K Schirz, FE Boekelman, S Jungheim, C Steinbacher, T Czerny, M Depenau, M Pokriefke, F Böhm, G Szipl and P Pesak.

Author contributions
VJ, PS, ML, SJC and TB designed the study. VJ carried out the data analysis and visualisations guided by ML with contributions by PS and SJC. VJ provided the first draft of the manuscript with substantial comments and edits by PS, SJC and ML. TB secured funds for the GPS-tags deployed for this project, and MGA contributed significantly to raven  capture and GPS-tagging. All authors were involved in the interpretation, reading, editing, and approval the final manuscript.

Funding
This analytical work was supported by the Percy Sladen Memorial Fund Grant and the University of Cape Town’s Postgraduate Publication Incentive Funding to VJ. ML was supported through the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement no. 798091. Open access funding was provided by the University of Vienna.

Availability of data and materials
The datasets supporting the conclusions in this article are available in the Movebank Data Repository (https://​doi.​org/​10.​5441/​001/​1.​22nd28v7), and are included within the article and its additional files.

Declarations
Ethics approval and consent to participate
Our research adheres to the ASAB/ABS Guidelines for the Use of Animals in Research. Ravens were trapped, blood sampled and marked according to the procedure described in [40] and the Corvid Lab, Department of Behavioural and Cognitive Biology, University of Vienna, obtained the licence for GPS-tagging of ravens from the commission for animal experimentation of the Austrian government under the approval number ‘BMBWF-66.006/0015-V/3B/2018’ and is valid until 30/06/2022. Further, the study was approved by the Internal Ethics Committee (Permit Number 2014–018) of the Faculty of Life Sciences, University of Vienna.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Oro D, Genovart M, Tavecchia G, Fowler MS, Martínez-Abraín A. Ecological and evolutionary implications of food subsidies from humans. Ecol Lett. 2013;16(12):1501–14.PubMed

	2.
Robb GN, McDonald RA, Chamberlain DE, Bearhop S. Food for thought: supplementary feeding as a driver of ecological change in avian populations. Front Ecol Environ. 2008;6(9):476–84.

	3.
Shochat E, Lerman S, Fernández-Juricic E. Birds in urban ecosystems: Population dynamics, community structure, biodiversity, and conservation. In: Urban Ecosystem Ecology. 2010;55:75–86.

	4.
Newsome SD, Garbe HM, Wilson EC, Gehrt SD. Individual variation in anthropogenic resource use in an urban carnivore. Oecologia. 2015;178(1):115–28.PubMed

	5.
López-López P, García-Ripollés C, Urios V. Food predictability determines space use of endangered vultures: implications for management of supplementary feeding. Ecol Appl. 2014;24(5):938–49.PubMed

	6.
Hidalgo-Mihart MG, Cantú-Salazar L, López-González CA, Fernandez EC, González-Romero A. Effect of a landfill on the home range and group size of coyotes (Canis latrans) in a tropical deciduous forest. J Zool. 2004;263(1):55–63.

	7.
Webb WC, Boarman WI, Rotenberry JT. Common raven juvenile survival in a human-augmented landscape. Condor. 2004;106(3):517–28.

	8.
Catto S, Sumasgutner P, Amar A, Thomson RL, Cunningham SJ. Pulses of anthropogenic food availability appear to benefit parents, but compromise nestling growth in urban red-winged starlings. Oecologia. 2021;197(3):565–76.PubMedPubMedCentral

	9.
Rodewald AD, Kearns LJ, Shustack DP. Anthropogenic resource subsidies decouple predator–prey relationships. Ecol Appl. 2011;21(3):936–43.PubMed

	10.
Venter O, Sanderson EW, Magrach A, Allan JR, Beher J, Jones KR, et al. Sixteen years of change in the global terrestrial human footprint and implications for biodiversity conservation. Nat Commun. 2016;7(1):12558.PubMedPubMedCentral

	11.
Riotte-Lambert L, Matthiopoulos J. Environmental predictability as a cause and consequence of animal movement. Trends Ecol Evol. 2020;35(2):163–74.PubMed

	12.
Devictor V, Julliard R, Jiguet F. Distribution of specialist and generalist species along spatial gradients of habitat disturbance and fragmentation. Oikos. 2008;117(4):507–14.

	13.
Spelt A, Soutar O, Williamson C, Memmott J, Shamoun-Baranes J, Rock P, et al. Urban gulls adapt foraging schedule to human-activity patterns. Ibis. 2021;163(1):274–82.PubMed

	14.
Beck KB, Loretto M-C, Bugnyar T. Effects of site fidelity, group size and age on food-caching behaviour of common ravens, Corvus corax. Animal Behav. 2020;164:51–64.

	15.
van Overveld T, García-Alfonso M, Dingemanse NJ, Bouten W, Gangoso L, de la Riva M, et al. Food predictability and social status drive individual resource specializations in a territorial vulture. Sci Rep. 2018;8(1):15155.PubMedPubMedCentral

	16.
Pyke GH, Pulliam HR, Charnov EL. Optimal foraging: a selective review of theory and tests. Q Rev Biol. 1977;52(2):137–54.

	17.
Stofberg M, Cunningham SJ, Sumasgutner P, Amar A. Juggling a “junk-food” diet: responses of an urban bird to fluctuating anthropogenic-food availability. Urban Ecosyst. 2019;22(6):1019–26.

	18.
Soh MCK, Pang RYT, Ng BXK, Lee BPYH, Loo AHB, Er KBH. Restricted human activities shift the foraging strategies of feral pigeons (Columba livia) and three other commensal bird species. Biol Conserv. 2021;253:108927.

	19.
Soriano-Redondo A, Franco AMA, Acácio M, Martins BH, Moreira F, Catry I. Flying the extra mile pays-off: foraging on anthropogenic waste as a time and energy-saving strategy in a generalist bird. Sci Total Environ. 2021;782:146843.

	20.
Johnston RF. Synanthropic birds of north America. In: Avian ecology and conservation in an urbanizing world. Springer. 2001;6:49–67.

	21.
Zawadzka D, Zawadzki G. Synanthropisation and synurbisation of raven Corvus Corax in Poland: a review. Int Stud Sparrows. 2014;38:11–6.

	22.
Walker LE, Marzluff JM. Recreation changes the use of a wild landscape by corvids. Condor. 2015;117(2):262–83.

	23.
Loretto M-C, Schuster R, Bugnyar T. GPS tracking of non-breeding ravens reveals the importance of anthropogenic food sources during their dispersal in the Eastern Alps. Curr Zool. 2016;62(4):337–44.PubMedPubMedCentral

	24.
Lowry H, Lill A, Wong BBM. Behavioural responses of wildlife to urban environments. Biol Rev. 2013;88(3):537–49.PubMed

	25.
Marzluff JM, Neatherlin E. Corvid response to human settlements and campgrounds: causes, consequences, and challenges for conservation. Biol Conserv. 2006;130(2):301–14.

	26.
Cunningham SJ, Madden CF, Barnard P, Amar A. Electric crows: powerlines, climate change and the emergence of a native invader. Divers Distrib. 2016;22(1):17–29.

	27.
Amar A, Redpath S, Sim I, Buchanan G. Spatial and temporal associations between recovering populations of common raven Corvus corax and British upland wader populations. J Appl Ecol. 2010;47(2):253–62.

	28.
Bijlsma RG, Seldam HT. Impact of focal food bonanzas on breeding Ravens Corvus corax. Ardea. 2013;101(1):55–9.

	29.
Webb WC, Marzluff JM, Hepinstall-Cymerman J. Linking resource use with demography in a synanthropic population of common ravens. Biol Consev. 2011;144(9):2264–73.

	30.
Engel KA, Young LS. Daily and seasonal activity patterns of common ravens in southwestern Idaho. Wilson Bull. 1992;104(3):462–71.

	31.
Preston MI. Factors affecting winter roost dispersal and daily behaviour of common ravens (Corvus corax) in southwestern Alberta. Northwest Nat. 2005;86(3):123–30.

	32.
Baltensperger AP, Mullet TC, Schmid MS, Humphries GRW, Kövér L, Huettmann F. Seasonal observations and machine-learning-based spatial model predictions for the common raven (Corvus corax) in the urban, sub-arctic environment of Fairbanks, Alaska. Polar Biol. 2013;36(11):1587–99.

	33.
Loretto M-C, Reimann S, Schuster R, Graulich DM, Bugnyar T. Shared space, individually used: spatial behaviour of non-breeding ravens (Corvus corax) close to a permanent anthropogenic food source. J Ornithol. 2016;157(2):439–50.

	34.
Grünkorn T. Population growth of raven (Corvus corax) in the German federal state of Schleswig-Holstein from 1991 to 2000. Charadrius. 2001;37:77–80.

	35.
McMahon BJ, Doyle S, Gray A, Kelly SBA, Redpath SM. European bird declines: do we need to rethink approaches to the management of abundant generalist predators? J Appl Ecol. 2020;57(10):1885–90.

	36.
Harju SM, Olson CV, Hess JE, Bedrosian B. Common raven movement and space use: influence of anthropogenic subsidies within greater sage-grouse nesting habitat. Ecosphere. 2018;9(7):e02348.

	37.
Coates PS, Brussee BE, Howe KB, Gustafson KB, Casazza ML, Delehanty DJ. Landscape characteristics and livestock presence influence common ravens: relevance to greater sage-grouse conservation. Ecosphere. 2016;7(2):e01203.

	38.
Kristan WB III, Boarman WI. Spatial pattern of risk of common raven predation on desert tortoises. Ecology. 2003;84(9):2432–43.

	39.
Marchand P, Loretto M-C, Henry P-Y, Duriez O, Jiguet F, Bugnyar T, et al. Relocations and one-time disturbance fail to sustainably disperse non-breeding common ravens Corvus corax due to homing behaviour and extensive home ranges. Eur J Wildl Res. 2018;64(5):57.

	40.
Braun A, Bugnyar T. Social bonds and rank acquisition in raven nonbreeder aggregations. Anim Behav. 2012;84(6):1507–15.PubMedPubMedCentral

	41.
Boucherie PH, Loretto M-C, Massen JJM, Bugnyar T. What constitutes “social complexity” and “social intelligence” in birds? lessons from ravens. Behav Ecol Sociobiol. 2019;73(1):12.PubMedPubMedCentral

	42.
Webb WC, Marzluff JM, Hepinstall-Cymerman J. Differences in space use by common ravens in relation to sex, breeding status, and kinship. Condor. 2012;114(3):584–94.

	43.
Petroelje TR, Belant JL, Beyer DE, Svoboda NJ. Subsidies from anthropogenic resources alter diet, activity, and ranging behavior of an apex predator (Canis lupus). Sci Rep. 2019;9(1):13438.PubMedPubMedCentral

	44.
Bartoń KA, Zwijacz-Kozica T, Zięba F, Sergiel A, Selva N. Bears without borders: long-distance movement in human-dominated landscapes. Glob Ecol Conserv. 2019;17:e00541.

	45.
Signer J, Fieberg JR. A fresh look at an old concept: home-range estimation in a tidy world. PeerJ. 2021;9:e11031.PubMedPubMedCentral

	46.
Webb WC, Boarman WI, Rotenberry JT. Movements of juvenile common ravens in an arid landscape. J Wildl Manag. 2009;73(1):72–81.

	47.
Roth JE, Kelly JP, Sydeman WJ, Colwell MA. Sex differences in space use of breeding common ravens in Western Marin County, California. Condor. 2004;106(3):529–39.

	48.
Boucherie PH, Gallego-Abenza M, Massen JJM, Bugnyar T. Dominance in a socially dynamic setting: hierarchical structure and conflict dynamics in ravens’ foraging groups. Philos Trans R Soc B Biol Sci. 2022;377(18457):20200446.

	49.
Restani M, Marzluff JM, Yates RE. Effects of anthropogenic food sources on movements, survivorship, and sociality of common ravens in the Arctic. Condor. 2001;103(2):399–404.

	50.
Sebald J, Senf C, Heiser M, Scheidl C, Pflugmacher D, Seidl R. The effects of forest cover and disturbance on torrential hazards: large-scale evidence from the Eastern Alps. Environ Res Lett. 2019;14(11):114032.

	51.
Stiehl RB. Aspects of the ecology of the common raven in Harney Basin, Oregon. 1978.

	52.
Rösner S, Selva N. Use of the bait-marking method to estimate the territory size of scavenging birds: a case study on ravens Corvus corax. Wildl Biol. 2005;11(3):183–91.

	53.
Teitelbaum CS, Mueller T. Beyond migration: causes and consequences of nomadic animal movements. Trends Ecol Evol. 2019;34(6):569–81.PubMed

	54.
R: A language and environment for statistical computing [Internet]. 2021. Available from: https://​www.​R-project.​org/​.

	55.
Kranstauber B, Smolla M, Scharf AK. Move: visualizing and analyzing animal track data. R package version 4.0.4. 2020.

	56.
Powell RA, Mitchell MS. What is a home range? J Mammal. 2012;93(4):948–58.

	57.
Kranstauber B, Kays R, LaPoint SD, Wikelski M, Safi K. A dynamic Brownian bridge movement model to estimate utilization distributions for heterogeneous animal movement. J Anim Ecol. 2012;81(4):738–46.PubMed

	58.
Thieurmel B, Elmarhraoui A. Suncalc: compute sun position, sunlight phases, moon position and lunar phase. R package version 0.5.0. 2019.

	59.
Bracis C, Bildstein KL, Mueller T. Revisitation analysis uncovers spatio-temporal patterns in animal movement data. Ecography. 2018;41(11):1801–11.

	60.
Mateo-Tomás P, Olea PP, Moleón M, Vicente J, Botella F, Selva N, et al. From regional to global patterns in vertebrate scavenger communities subsidized by big game hunting. Divers Distrib. 2015;21(8):913–24.

	61.
Fournier DA, Skaug HJ, Ancheta J, Ianelli J, Magnusson A, Maunder MN, et al. AD Model Builder: using automatic differentiation for statistical inference of highly parameterized complex nonlinear models. Optim Methods Softw. 2012;27(2):233–49.

	62.
Skaug H, Fournier D, Nielsen A, Magnusson A, Bolker B. glmmADMB: generalized linear mixed models using AD Model builder. R package version 0.8.3.32010. p. r143.

	63.
Barton K. MuMIn: multi-model inference. R package version 1.43.17. 2020.

	64.
Fox J, Weisberg S. An R companion to applied regression. Sage publications; 2018.

	65.
O’Brien RM. A caution regarding rules of thumb for variance inflation factors. Qual Quant. 2007;41(5):673–90.

	66.
Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et al. Generalized linear mixed models: a practical guide for ecology and evolution. Trends Ecol Evol. 2009;24(3):127–35.PubMed

	67.
Harrison XA. A comparison of observation-level random effect and beta-binomial models for modelling overdispersion in binomial data in ecology & evolution. PeerJ. 2015;3:e1114.PubMedPubMedCentral

	68.
Burnham KP, Anderson DR. Model selection and inference: a practical information-theoretic approach. New York: Springer; 2002.

	69.
Grueber CE, Nakagawa S, Laws RJ, Jamieson IG. Multimodel inference in ecology and evolution: challenges and solutions. J Evol Biol. 2011;24(4):699–711.PubMed

	70.
Harrison XA, Donaldson L, Correa-Cano ME, Evans J, Fisher DN, Goodwin CE, et al. A brief introduction to mixed effects modelling and multi-model inference in ecology. PeerJ. 2018;6:e4794.PubMedPubMedCentral

	71.
van Overveld T, Gangoso L, García-Alfonso M, Bouten W, de la Riva M, Donázar JA. Seasonal grouping dynamics in a territorial vulture: ecological drivers and social consequences. Behav Ecol Sociobiol. 2020;74(2):28.

	72.
Gallego-Abenza M, Loretto M-C, Bugnyar T. Decision time modulates social foraging success in wild common ravens, Corvus corax. Ethology. 2020;126(4):413–22.PubMed

	73.
Sur M, Duerr AE, Bell DA, Fisher RN, Tracey JA, Bloom PH, et al. Relevance of individual and environmental drivers of movement of golden eagles. Ibis. 2020;162(2):381–99.

	74.
Harel R, Horvitz N, Nathan R. Adult vultures outperform juveniles in challenging thermal soaring conditions. Sci Rep. 2016;6(1):27865.PubMedPubMedCentral

	75.
Loretto M-C, Schuster R, Itty C, Marchand P, Genero F, Bugnyar T. Fission-fusion dynamics over large distances in raven non-breeders. Sci Rep. 2017;7(1):380.PubMedPubMedCentral

	76.
Wright J, Stone RE, Brown N. Communal roosts as structured information centres in the raven, Corvus corax. J Anim Ecol. 2003;72(6):1003–14.

	77.
Massen Jorg JM, Szipl G, Spreafico M, Bugnyar T. Ravens intervene in others’ bonding attempts. Curr Biol. 2014;24(22):2733–6.PubMedPubMedCentral

	78.
Marzluff JM, Heinrich B. Foraging by common ravens in the presence and absence of territory holders: an experimental analysis of social foraging. Anim Behav. 1991;42(5):755–70.

	79.
Monsarrat S, Benhamou S, Sarrazin F, Bessa-Gomes C, Bouten W, Duriez O. How predictability of feeding patches affects home range and foraging habitat selection in avian social scavengers? PLoS One. 2013;8(1):e53077.PubMedPubMedCentral

	80.
Genero F, Franchini M, Fanin Y, Filacorda S. Spatial ecology of non-breeding Eurasian Griffon Vultures Gyps fulvus in relation to natural and artificial food availability. Bird Study. 2020;67(1):53–70.

	81.
Krüger S, Reid T, Amar A. Differential range use between age classes of southern African Bearded Vultures Gypaetus barbatus. PloS One. 2014;9(12):e114920.PubMedPubMedCentral

	82.
Margalida A, Carrete M, Hegglin D, Serrano D, Arenas R, Donázar JA. Uneven large-scale movement patterns in wild and reintroduced pre-adult bearded vultures: conservation implications. PLoS One. 2013;8(6):e65857.PubMedPubMedCentral

	83.
Storch I, Leidenberger C. Tourism, mountain huts and distribution of corvids in the Bavarian Alps, Germany. Wildl Biol. 2003;9(4):301–8.

	84.
Jokimaki J, Kaisanlahti-Jokimaki M, Huhta E, Siikamaki P. Bird species as indicators of environmental changes at tourist destinations. In: Environment, local society and sustainable tourism Rovaniemi. Finland: University of Lapland; 2007.p. 13-22.

	85.
Jarrett M, Wilson KJ, editors. Seasonal and diurnal attendance of Kea (Nestor notabilis) at Halpin Creek rubbish dump, Arthur's Pass, New Zealand1999. Environmental Science.

	86.
Elliott KH, Duffe J, Lee SL, Mineau P, Elliott JE. Foraging ecology of Bald Eagles at an urban landfill. The Wilson Journal of Ornithology. 2006;118(3):380–90, 11.

	87.
Watts BD, Mojica EK, Paxton BJ. Seasonal variation in space use by nonbreeding bald eagles within the upper Chesapeake Bay. J Raptor Res. 2015;49(3):250–8.

	88.
Gilbert NI, Correia RA, Silva JP, Pacheco C, Catry I, Atkinson PW, et al. Are white storks addicted to junk food? impacts of landfill use on the movement and behaviour of resident white storks (Ciconia ciconia) from a partially migratory population. Mov Ecol. 2016;4(1):7.PubMedPubMedCentral



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		The spatial and temporal exploitation of anthropogenic food sources by common ravens (Corvus corax) in the Alps


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40462_2022_335_Fig2_HTML.png
c)

D)

sum

si)r
Season

win

aut

a)

captivé bred wild c'aught
QOrigin

juvenile

Age class

adult

* D — m D —
(2]
D O— a W O—
S
# @
[}
e
I O— = [N S—
=
T T T T T T T T T T T ﬂ T T T T T T
TONTOTQYUOYT VY N - t ] o ?
(uonnquisip 8oua.N200) 607 (yuswaoe(dsip wnwixew) 6o
=
(2]
3
e e | L © e
[&]
e}
zc
2
S
mO
Q
—— Lo —O—i
a
©
© —~
T T T T T T T T T T T e T T T T T T
TONTOTQPQOYTVOEQ N - Nt A} N ?
(uonnquysip 8oua1n220) 607 (yuswaoe(dsip wnwixew) 607
o
=
e O— O O —
>
S 0
29
i
o
(]
()]
- <
——1 -3 ——
©
TONTOTQNOTYRSO N - © - o s

(uonnquisip @oua.n220) 607 (yuswaoe|dsip wnwixew) 607





OEBPS/css/envelope.png





OEBPS/images/40462_2022_335_Fig3_HTML.png
Refuse sites Game parks

Huts

1.01

2 @ K~k © v ¥ O o
S © ©o ©o © © ©o o o

19JJNq Ul SaX1} S4O Jo uoiodold

T
o]
o

Type of AFS





OEBPS/images/40462_2022_335_Fig4_HTML.png
c)

D)

a)

spr sum

win

aut

= o

(paysin sS4y Jo "ou) 6o

captivé bred wild c'aught

- o

(paysiA sS4y jo "ou) 6o

juvenile

ad'ult

- o

(poMSIA SS 4V JO “ou) BoT

Season

Origin

Age class

e)

x

spr sum

win

aut

- °o =« o ® 3

(s4Vv Aueje mc_on k.u .noh& 6o

captivé bred wild c'aught

-~ o - o~ o T

(S4v Aueje mc_mn hm .ne& a_mo.__

juvenile

adult

- o = o~ (3] ¥

(s4v Aue je mc_g um .poa._v 1607

Season

QOrigin

Age class





OEBPS/css/sidebar.gif





OEBPS/images/40462_2022_335_Fig1_HTML.png
Germany

Czech Republic

Austria

Slovenia

Slovakia

Hungary

Croatia

Salzbury
®
o

Czech Republic

o
o
Linz
®
Wels
7 o
J
(o]
o o

* Apistriz

TN TNA

Slovaki

@

AFSs

® Aviary

© Farm

O Hut

O Refuse site

@ Game park

Elevation

- | <600m
<1200m
<1850m

Graz I <2500m
® . I <3000m
Il <4000m

Field site
Slov ® Cities





