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Social complexity arises from the formation of social relationships like social bonds and dominance hierarchies. In turn, these aspects
may be affected by the degree of fission—fusion dynamics, i.e., changes in group size and composition over time. Whilst fission—fusion
dynamics has been studied in mammals, birds have received comparably little attention, despite some species having equally complex
social lives. Here, we investigated the influence of environmental factors on aspects of fission—fusion dynamics in a free-ranging
population of carrion and hooded crows (Corvus corone ssp.) in the urban zoo of Vienna, Austria over a 1-year period. We investigated
1) the size and 2) spatio-temporal structure of the local flock, and 3) environmental influences on local flock and subgroup size. The
local flock size varied considerably over the year, with fewest birds being present during the breeding season. The spatio-temporal
structure of the local flock showed 4 distinct presence categories, of which the proportions changed significantly throughout the year.
Environmental effects on both local flock and subgroup size were time of day, season, temperature, and weather, with additional pro-
nounced effects of the structure of the surroundings and age class on subgroup size. Our findings show environmental influences on
party size at the local flock and subgroup level, as well as indications of structured party composition in respect to the 4 presence cat-
egories. These results suggest that environmental factors have significant effects on fission—fusion dynamics in free-ranging crows,
thereby influencing social complexity.
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INTRODUCTION societies structured by social relationships, the number and spatio-
temporal distribution of potential interaction partners may further
contribute to a species’ level of social complexity (Kappeler and
van Schaik 2002).

Fission—fusion dynamics—changes in group size and composi-
tion over time (Kummer 1971)—affects the ratio and likelihood of
meeting particular individuals. These dynamics may enhance certain
cognitive skills, like impulse control and inferential reasoning, as indi-
viduals that have been away from the group for a period of time may

Living in social groups can facilitate predator protection and
enhance foraging opportunities, though it may also increase food
competition and social complexity (Krause and Ruxton 2002).
The benefits of group living typically correspond with an increase
in group size, for instance, as more individuals are more likely to
spot a predator (Hamilton 1971; Treisman 1975). Social com-
plexity arises mainly due to the formation of social relationships

like social bonds and dominance relations (Harcourt and de Waal ‘ r ; ) .
1992; Cords and Aureli 2000), which in turn help individuals to need to readjust to new situations, like changes in the dominance

cope with competition (Scheiber et al. 2003; Smith ct al. 2008). In Tk hierarchy or-alliances (Paz-y-Mino et al. 20045 Amici et al.
2008; Aureli et al. 2008). Following the introduction of the term,

research on fission—fusion dynamics has focused mainly on mammals
(Aureli et al. 2008) and comparatively few studies have addressed

Address correspondence to I. Uhl. E-mail: FloUhl@gmx.at. such dynamics in birds (Silk et al. 2014). This is surprising as many
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bird species show high variation in group size and composition, par-
ticularly outside the breeding season (Clayton and Emery 2007).

The organization of avian groups is highly variable from indi-
viduals living in pairs to those living in family groups and com-
munally in large mixed-sex and age groups (Bond et al. 2003). In
most systems, however, male—female pairs represent the key social
unit (also termed primary relationship) (Cockburn 2006; Boucherie
et al. 2016), as pair partners cooperate for reproduction, but also to
gain/maintain dominance status and/or access resources (Scheiber
et al. 2005; Emery et al. 2007). A recent study on adult rooks
found that, in addition to pair bonds, individuals have secondary
relationships with other colony members, suggesting that larger
corvid groups are structured by different social layers (Boucherie
et al. 2016). Similar patterns have been proposed for geese (bar-
nacle geese, Branta leucopsis, Kurvers et al. 2013; greylag geese,
Anser anser, Scheiber et al. 2013) and parrots (spectacled parrotlets,
Forups conspicillatus, Wanker 1999; review in Bradbury and Balsby
2016). A refined social structure can also be seen in family units
of cooperatively breeding corvid species (Brown 1970; Woolfenden
and Fitzpatrick 1984; Baglione et al. 2002) and, to some extent,
even in nonbreeder flocks. Raven nonbreeders, for instance, show
different degrees of vagrancy (Braun et al. 2012; Loretto et al.
2017), whereby birds with low vagrancy status (“residents”) engage
in sophisticated interactions, including third-party interventions in
others’ conflicts (Szipl et al. 2017) and bonding attempts (Massen
et al. 2014). Taken together, it appears that the social system of
some avian species is more complex than simply brief aggregation
at shared resources (Vander Wall and Balda 1977). Rather, these
avian systems are characterized by individualized membership and
the formation of social relationships outside of the breeding pair.

Exploration of the ecological factors affecting group formation,
specifically its composition and size, can be informative for stud-
ies on fission—fusion dynamics. Studies on white-throated magpie-
jays (Caloditta formosa), for instance, showed a positive relationship
between food availability and group size (LLangen and Vehrencamp
1998). Similar effects were also found in primates (Chapman et al.
1995; Chapman and Pavelka 2005), and in lions (Pantera leo, Caraco
and Wolf 1975). Another ecological factor that can influence group
size is the openness of the habitat, for example, the presence of
larger groups in more open habitats (Peck et al. 1974; Thirgood
1996). However, surprisingly little is known about the impact of
environmental factors on the grouping behavior of opportunistic
corvids like carrion crows (Corvus corone).

The present study focused on a population of wild, free-rang-
ing carrion crows utilizing the area of Vienna Zoo (Tiergarten
Schonbrunn) in Vienna, Austria (hereafter “local flock”). Carrion
crows are highly opportunistic in terms of foraging and habitat
use (Coombs 1978; von Blotzheim 1993). To our knowledge, car-
rion crows and common ravens do not differ significantly in their
social structure: individuals aggregate at food sources and groups
show hierarchies determined by age, sex, and body size (Heinrich
1989; Richner 1989a; Braun and Bugnyar 2012). In contrast to
ravens (Braun et al. 2012; Loretto et al. 2015) and American crows
(Stouffer and Caccamise 1991), fission—fusion dynamics have not
yet been explored in carrion crows.

The aim of our study was to examine key aspects of fission—
fusion dynamics in this focal population of crows. According
to the framework proposed by Aureli et al. (2008), the degree
of fission—fusion dynamics in a species can be determined via
3 components: variation in party size, party composition, and
spatial cohesion. Here, we draw on this framework and used it

as a heuristic device to establish whether crows at Vienna Zoo
show temporal variation in social structure across time. To make
the distinction between Aureli et al.’s framework and our mea-
surements clear, we use the term “party” only when referring
to components of the framework itself and use different expres-
sions when referring to our own empirical measures. Specifically,
we investigated variation in party size by examining changes in
the number of crows in the zoo area, which we refer to as “local
flock size,” and the number of birds foraging together, which we
refer to as “subgroup size.” These two measures have also been
used for describing party size in ravens from a global and local
perspective (Braun and Bugnyar 2012), i.e., whether birds join
a flock in a specific area (e.g., zoo) and whether they join par-
ticular foraging groups within this area (e.g., at particular enclo-
sures). Furthermore, we took a first step towards investigating
the variation in party composition at the level of the local flock
by looking at changes in the crow’s residency status (categories
due to presence/absence patterns) across seasons. Note that we
did not focus on variation in the identity of individuals within a
subgroup, which would be expected when mapping the frame-
work of Aureli et al. (2008) directly onto the crow social system.
We hypothesized that the local flock 1) varies over the year in
size and 2) has a nonrandom spatio-temporal social structure,
i.e., the residency status of individuals follows specific patterns.
Environmental factors likely influence the size of 3) the local
flock and 4) the subgroups of crows present at the zoo.

Our predictions were: 1) more crows would be present in the
zoo outside the breeding season, as territorial pairs would fend
off nonbreeding birds, and offspring of the breeders would still
be present after the breeding season (Schwab, personal observa-
tion). 2) The local flock would be structured as local birds, likely
territorial breeders, and nonbreeders with different degrees of
vagrancy, which resembles the social organization of ravens
(Heinrich et al. 1994; Braun and Bugnyar 2012) and show a
similar ecology to American crows (Marzluff and Angell 2005).
Notably, the residency/vagrancy status of individual crows
could vary across the year, hinting towards changes in flock
composition. 3) The size of the local flock would be influenced
by key environmental factors. Weather would influence the local
flock size. Fewer birds would be present in rainy weather condi-
tions as nonresident crows would be less likely to fly to the zoo.
Alternatively, the crows would be more likely to visit the zoo
during rainy weather due to increased food security, as the food
is provided for the zoo animals irrespective of the weather. The
time of the day would affect the local flock size, as more individ-
uals may arrive when certain zoo animals are being fed, in order
to exploit this high-quality food source, such as meat to the
carnivores. A higher number of human visitors would increase
local flock size as more food becomes available when visitors
accidentally drop food or actively feed the birds. 4) Subgroup
size would vary with overall local flock size. However, factors
relating to the immediate surroundings of the birds (forestation,
type of enclosure/visitor area) would also play an important
role. Specifically, larger subgroups would be expected in larger
open areas for predator protection (Jarman 1974) and in areas
with more widely dispersed food, as the feeding competition is
lower in such locations (Asensio et al. 2008). Additionally, we
expected to find an influence of age on subgroup composition
with younger birds showing a stronger tendency to form groups
than adult birds, as younger birds are more likely to be part of
nonbreeder flocks (Richner 1989b).
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METHODS
Study site and population

The present study was conducted at Vienna Zoo (Tiergarten
Schénbrunn) (48°10°54.6”N  16°1814.3”E) in Austria (see
Figure 1), which is located within the city limits. The Zoo consists
of parkland and a forested area. Since 2010, crows in the zoo have
been caught using “ladder” and Larsen-traps (Kirchmeir et al., in
preparation), and individually color-ringed for identification before
being immediately released at the site of capture. At the onset of
the present study in 2014, 297 crows were ringed, which rose to
322 by the end of the study in 2015. Of these marked individuals,
129 were sighted again follow release during the duration of the
present study. Permission for catching and marking the birds was
obtained from the municipal authorities of Vienna (Magistrat der
Stadt Wien: MA 22-425/2011/6) and the Austrian Ministry for
Science and Research (BMWZF-66.006/0009-11/3b/2012).

The study area is ideal for conducting behavioral observations
on group formation and dynamics as the crows use several parts of
the zoo for foraging on a wide variety of food (Miller et al. 2014;
Deventer et al. 2016), are easy to spot and are well habituated to
human presence. Vienna lies within a hybrid overlapping zone with
presence of both carrion and hooded crows, which as classed as
subspecies (Corvus corone corone and Corvus corone cornix, von Blotzheim

1993; de Knijff 2014) and regularly interbreed (Randler 2008).

Figure 1
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Hence, the local flock consists of individuals of both subspecies
and their hybrids. The hybridization is interesting under genetical
and evolutionary aspects because there is still substantial gene-flow
between the 2 subspecies (Poclstra et al. 2014) despite evidence for
conspecific assortative mating (Risch and Andersen 1998; Randler
2007). In the area around Vienna, the 2 subspecies interbreed regu-
larly (Randler 2008).

The subspecies of each marked individual was visually assessed
and recorded during handling when the birds were caught.
However, it was difficult to reliably visually identify the subspecies
of some individuals during observations in the field, due to chal-
lenging environmental conditions, including partly obstructed bod-
ies or variations in lighting. This difficulty is due to some hybrid
birds showing similarities to one subspecies (e.g, having greyish
plumage parts) over the other, which could lead to mistakes in iden-
tifying these individuals in the field (e.g., as a hooded crow rather
than a hybrid). We therefore refrained from including subspecies as
a factor in our analysis.

Data collection

We monitored the crows during daylight hours from 8 January
2014 to 31 January 2015, in order to avoid any scasonal bias and
observe changes occurring across an entire year (cf. Marra et al.
2015). In winter (8 January to 17 April and 17 October 2014 to 31
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The study area within Vienna Zoo is outlined in red. The black line represents the observation transect and the blue cross indicates the starting point. Dotted
lines show temporal deviations when the regular transect was not accessible due to construction work and/or hazardous weather conditions. At dead ends in

transects, we only recorded crows in one travel direction.
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January 2015), we conducted 2 observational sessions (“transects”
hereafter): one 2-h transect between 0900 and 1300 h (“Morning”)
and one 2-h transect between 1300 and 1600 h (“Afternoon”).
When daylight hours increased (23 April 2014 to 14 October
2014), we increased to three 2-h transects (per day) between 0800—
1200 h (“Morning”), 1200-1500 h (“Noon”), and 15001900 h
(“Afternoon”). Minor fluctuations in transect duration occurred due
to the varying time needed to enter data. Between 27 January-9
February and 10-16 March 2014, no surveys were conducted due
to observer illness. We collected data via scan observations along a
fixed transect covering the entire zoo (see Iigure 1); which took on
average 2 h. Occasionally, we had to make minor changes to the
transect when some paths were closed temporarily. While we kept
the starting point of the transect constant, the travel direction was
alternated (clockwise/counter-clockwise).

We entered each observation of a crow, marked or unmarked,
into a digital map of the zoo using a GPS enabled pocket PC
(MobileMapper 10, SpectraPrecision) with a mobile GIS software
(ArcPad 10.2, ESRI). Data for the background map were obtained
from the Municipal Authorities of Vienna (MA41) and Vienna
Zoo. With each observation, we recorded individual parameters of
the bird (age class, ID if individual was marked) as well as behav-
ioral and environmental parameters (Supplementary Table SI).
Regarding age class, we differentiated juveniles (birds in their first
summer) from older birds (subadults and adults) as the very distinct
appearance of juveniles (slender silhouette, begging behavior) could
be reliably determined even under difficult lighting conditions. We
refrained from using color-based features (von Blotzheim 1993) as
these aid in differentiating age classes under good lighting condi-
tions only. We excluded sex because we could not reliably visually
determine the sex of unmarked birds in the field. In addition, we
recorded the observed subgroup size for individuals seen within
spatially associated clusters. We defined subgroups as aggregations
of nonflying individuals with a nearest neighbor with a direct line
of sight within 5 m (Smolker et al. 1992; Wolf et al. 2007; Hobson
et al. 2014). Subgroups were rarely spread across more than one
enclosure as most enclosures were separated by physical barriers
(trees/walls). We performed a total of 271 transects (104 Morning,
60 Noon, 107 Afternoon), which took place on 122 days (2-3 days
a week) with an average of 2.22 (SD: £0.67) transects per day.
These observations were carried out based on observer availability.

Analysis

Spatial data were analyzed in the GIS software ArcGIS 10.0 (ESRI)
and statistical analyses were performed in R Version 3.4.2 (R Core
Team 2017). We obtained information on structural characteristics
at observation locations via spatial joins from the background map
in ArcGIS 10. We characterized and partitioned the study area
using the following parameters: openness of the area (“Forested
Area”: in forest — out of forest), availability of man-made structures
(“On Building”: on building — off building), and type of food found
in an area (“Food”: grass, vegetarian, mixed, mainly meat, human
gastronomical area) (listed in Supplementary Table S2).

We grouped the data into 3 seasons of equal duration accord-
ing to the birds’ breeding ecology: the breeding season (February
— May), the parental care season (June — September) and the non-
breeder season (October — January). The breeding season lasts from
nest building by the territorial breeding pairs until fledging of the
chicks. The parental care season starts with the formation of larger
groups of juvenile birds with their parents and ends when juveniles

become independent from their parents. At this point, the non-
breeder season starts, which ends with the start of the new breeding
season.

In order to investigate the changes in the size of the local flock,
we calculated a conservative minimum estimate for the local flock
size based on the total crow observations during a day (prediction
1). As we could not reliably identify unmarked crows, it is possi-
ble that we repeatedly registered unmarked individuals during an
observational session. We therefore calculated the ratio of resight-
ings of marked birds as a correction factor (CF) to correct for
resightings of unmarked birds as

— CMr - CMind
CM

CF (1)

t
where CM, is the total number of sightings of marked birds includ-
ing resightings and CMj, 4 is the absolute number of unique indi-
viduals seen that day.

Using this correction factor, we then calculated a local flock size
estimate as

FS,=CM,, + &TU*CF )

where FS, is the local flock size estimate per day, CU is the total
number of sightings of unmarked crows including potential resight-
ings, and T is the number of transects on a given day to account for
sampling effort (only used for unmarked individuals as we know the
exact number of unique marked individuals seen per day). These
data are used for graphical representation as well as the analysis of
temporal autocorrelation. For our model calculations on local flock
size, we used the flock size estimate per transect (i.e. the total num-
ber of crows per transect times the correction factor of the day).
We chose this method in favor of capture-recapture calculations
(Pradel et al. 1997; Thomas et al. 2002) as we wanted to use our
count data with adjustments for potential resightings as a conserva-
tive measurement for our models.

We conducted a cluster analysis on the presence—absence data
of marked, individually identifiable crows in the zoo to assess the
spatio-temporal structure (hereafter: “presence categories”) for the
local flock (prediction 2). The parameters included in the analy-
sis were: the number of days an individual was seen, the longest
period in days without observation of an individual, and the stan-
dard deviation for these periods without observations of an indi-
vidual. For this analysis, we only used marked individuals that were
observed on 5 days or more (N = 82), the others (N = 47) were
classified as rare visitors. We calculated Euclidean distance matrices
for the standardized values of these variables and used hierarchical
clustering (hclust, method: complete, package: stats). We chose clus-
ters that were well formed and showed long branches to determine
the presence categories. To investigate the spatio-temporal struc-
ture, and in particular, whether the presence and absence of indi-
viduals was significantly different between categories and seasons
(prediction 3), we then compared the percentage of unique indi-
viduals per day for each presence category between seasons by cal-
culating Friedman tests and 2-tailed paired Wilcoxon tests using a
nonparametric bootstrap (sample size 38 and 10,000 iterations). We
also applied a Bonferroni correction (o = 0.017) for multiple test-
ing. We calculated the relative number of days that birds of each
presence category (days seen/total days with observations) were
seen between seasons using approximative Iriedman tests based
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on Monte-Carlo resamplings (10,000) and exact paired Wilcoxon
signed-rank tests in the coin package (Hothorn et al. 2008) with
Bonferroni correction (a0 = 0.017). Lastly, we compared the group
sizes between the different presence categories by calculating
Kruskal-Wallis and pairwise post-hoc 2-tailed Mann-Whitney U
tests using Bonferroni correction (o = 0.008).

We used generalized linear mixed models to evaluate the impact
of environmental factors on both local flock size and subgroup size
of unmarked and marked birds (predictions 3 and 4). For the analy-
sis of the local flock size, the response variable was the estimate of
the local flock size per transect, in order to include the effect of
transect time into the model. The full model included date as a ran-
dom factor and the following fixed factors: weather, temperature,
transect time, season, visitors for both flock size estimate and sub-
group size, age class, forested area, food, and on building (for the
respective levels of the fixed factors, see Supplementary Tables S1
and 52). The response variable for the latter subgroup-size models
was the subgroup size minus one to fit the negative binomial dis-
tribution for the model. The full model included date as a random
factor and the following fixed factors: weather, temperature, obser-
vational session, season, number of visitors, number of crows pres-
ent during a session, age class, forested area, predation risk, food

Sighting Histories

Resident Birds Continous Visitors
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in enclosure, on building and area (for the respective levels of the
fixed factors, see Supplementary Tables ST and S2).

We calculated all possible models (32 for the local flock size esti-
mate and 1024 for the subgroup size) via Ime4 (Bates et al., 2015)
in MuMIn (Barton 2016) and used Akaike’s Information Criterion
for model selection (Anderson and Burnham 2002; Burnham and
Anderson 2004). We formed model averages from the weighted
estimates of all models (Anderson 2008). We also tested the inter-
correlation between the factors for both models (Supplementary
Tables S3 and S4) and for temporal autocorrelation (Supplementary

Table S5).

RESULTS

Spatio-temporal structure of the local population
of crows

In total, we obtained 17,645 observations of marked and unmarked
crows between 8 January 2014 and 31 January 2015. The daily
estimated minimum zoo population size was 65.2 £ 23.2 crows
(mean * SD) across the 122 days of monitoring, of which 64%
(41.4 £ 23.1) were unmarked individuals (Figure 2). The correction
factor (CF) found was on average 0.174 £ 0.1 (mean + SD).
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Figure 2

Sighting histories of marked birds in the zoo. The 3 categories determined by the cluster analysis are shown in different colors. The order of the individuals
corresponds to the leaves of the dendrogram for the cluster analysis. Rare visitors were not included in the cluster analysis and are ordered in this plot by
order of first sighting. The individuals with available breeding related data are denoted at the top of the graph (dark red = 2013, bright red = 2014). Inverted
triangles indicate when birds either died (black) or were newly ringed (orange). The flock size estimates per day of observation are shown in the right graph.
The colors correspond to the different seasons. This graph also shows the proportion of juvenile birds in the study area designated in black.
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Of 322 marked crows, 129 individuals (40%) were observed
at the zoo during the study period. Of these 129 birds, 81 were
males (63%), 40 were females (31%), and 8 were of unknown sex
(6%). 13 were juveniles in their first year (10%) and 116 were older
than a year (90%), as indicated by the color of the inner beak (von
Blotzheim 1993).

Not all observed marked birds could be identified (2894 out of
3356 sightings; 86.2% identification rate) as some birds had lost
rings, and sometimes lighting and environmental conditions, such
as high grass, foliage and observation distance, prevented identifi-
cation. We omitted these observations in the analysis. The resight-
ing rate varied widely among the individuals, ranging from 67.2%
(sighted on 82 out of 122 days) to 0.8% of all observational days
(sighted on 1 day only).

The organization of the local flock was mostly in line with our
prediction (2), in that it was similar to the social organization of
ravens, with local birds and nonbreeders with differing degrees
of vagrancy (Heinrich et al. 1994; Braun and Bugnyar 2012).
However, we found evidence for one further category in the
crows as the result of our cluster analysis partitioned the birds
into 3 well defined clusters—presence categories—representing
“resident” birds (N = 26), “continuous” visitors (N = 41), and
“periodic” visitors (N = 15) (Supplementary Table S6). Crows
with fewer than 5 observational days (N = 47) were a priori
considered as “rare” visitors. The temporal occurrence of the
birds at the Zoo is shown in Figure 2, which also shows breeding
information of marked individuals breeding in the Zoo in 2013
and 2014 (resident birds: 11/26; continuous visitors: 2/41, periodic
visitors: 3/15).

The contribution of crows from all 4 presence categories to the
overall population size was significantly different between seasons
(Friedman test, nonparametric bootstrap 10,000 iterations, mean *
SE; resident birds: x° = 15.594 + 0.064, N = 38, P = 0.01 £ 0.0004;
continuous visitors: x° = 22.067 £ 0.071, N= 38, P=0.001 £ 0.0001;
periodic visitors: y? = 27.925 + 0.08, N = 38, P = 0.0002 £ 0.00003;
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rare visitors: x° = 6.772, N'= 38, P = 0.144 + 0.002; Figure 3). The
proportion of resident birds was significantly higher during non-
breeder season than during parental care season, with the 2 other
seasons not differing significantly from one another (Table 1). The
proportion of continuous visitors was significantly higher during the
parental care season than during breeding and nonbreeder seasons,
which did not differ significantly from one another. The daily pro-
portion of periodic visitors was significantly higher during the breed-
ing season than during the parental care and nonbreeder seasons,
with no significant difference between the latter 2 seasons. We
found no significant differences for the proportion of rare visitors
between seasons.

The relative number of days that individuals across the dif-
ferent presence categories were present was significantly dif-
ferent between seasons for resident birds and continuous visitors
(Approximative Iriedman test, 10,000 Monte-Carlo iterations;
resident birds: N = 26, y? = 17.146, P < 0.001; continuous visi-
tors: N = 41, x* = 19.858, P < 0.001; periodic visitors: N = 15,
x° = 3.444, P = 0.178; rare visitors: N = 47, y? = 3.475, P= 0.172).
Breeding season differed significantly in resident birds and parental
care season differed significantly in continuous visitors (exact paired
Wilcoxon signed-rank tests; Resident Birds, N'= 26: Nonbreeder
Season ~ Breeding Season, { = 3.318, P < 0.001, Parental Care
Season ~ Breeding Season, { = 2.666, P = 0.003, Nonbreeder
Season ~ Breeding Season, { = 0.102, P = 0.925; Continuous
Visitors, N = 41: Nonbreeder Season ~ Breeding Season,
L =1.067, P = 0.291, Parental Care Season ~ Breeding Season,
L = 3411, P < 0.001, Nonbreeder Season ~ Breeding Season,
L = —3.069, P < 0.001). Spectfically, the resident birds were seen
significantly less during breeding season (mean * SD; breeding
season: 13.03 £ 5.92, parental care season: 19.23 £ 6.57, non-
breeder season: 19.15 £ 7.27) and continuous visitors were seen sig-
nificantly more often during parental care season (mean * SD;
breeding season: 3.71 * 3.12, parental care season: 7.85 * 5.03,
nonbreeder season: 5.76 + 4.49).
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Table 1

Pairwise comparisons of the presence categories’ proportions between seasons

Resident birds

Continuous visitors

Periodic visitors
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Rare visitors

BS/PCS

BS/NBS

PCS/
NBS

V'=387.92 £ 0.676
P=0.468 £ 0.003
V'=160.45 £ 0.539
P=0.023 £ 0.0006
V=114.18 £ 0.455
P=0.003 £ 0.0002

V'=77.65£0.376

P =0.0005 % 0.00004
/'=288.8 £ 0.667
P=10.355%0.003
V'=601.19 £ 0.528
P=0.006 £ 0.528

V'=606.9 £ 0.554

P =0.0001 * 0.000008
V'=1593.8 £0.592

P =0.00006 * 0.000006
V'=276.93 £ 0.663
P=0.487 £0.003

V'=318.34 £ 0.686
P=0.24 £0.0027
V=318.15 £ 0.699
P=0.106 £ 0.0018
V=203 £0.591
P=0.416 £ 0.003

Paired Wilcoxon signed-rank test, oo = 0.017, significant differences in bold, nonparametric bootstrap N = 38, 10,000 iterations, mean + SE.

BS, breeding season; NBS, nonbreeder season; PCS, parental care season.

Table 2
Influences on local flock size, average model
Estimate + SE Pr(>|z|)
(Intercept) 4.007 £ 0.052 <0.001
Transect Time Noon —0.020 £ 0.006 0.001
Afternoon 0.534 £ 0.004 <0.001
Season Breeding Season —0.303 £ 0.073 <0.001
Parental care season 0.146 £ 0.072 0.042
Temperature Warm —0.285 £ 0.014  <0.001
Hot —0.189 £ 0.020  <0.001
Weather Clouds 0.154 £ 0.011 <0.001
Sun 0.177 £0.012  <0.001
Risk of Enclosure  High Risk 0.031 £0.007  <0.001
Visitors Some 0.004 £ 0.004 0.391
Many 0.027 £ 0.012 0.018

Calculated from all models (weighted full average), the factors are ordered by
influence from high to low and by their category.

Environmental influences on local flock size

In the final model that was derived from the weighted average of
all models, the factors with the strongest effect on local flock size
were: transect time, then season, temperature, and weather (predic-
tion 1 and 3, Table 2).

Subgroup size

Subgroup size, as determined by our definition of all individuals
within 5 m of one another with a direct line of sight to at least
one other crow, was found to range from 1 up to 33 individu-
als (Iigure 4). The mean subgroup size £ SD was 1.85 + 1.64,
N =9525 (Quantiles: 0%: 1; 25%: 1; 50%: 1; 75%: 2; 100%: 33).
When considering only subgroups of 2 individuals or more, the
mean subgroup size = SD was 3.07 £ 2.00, N = 3931 (Quantiles:
0%: 2; 25%: 2; 50%: 2; 75%: 3; 100%: 33). Note that the subgroup
sizes differed between the 4 presence categories (Kruskal-Wallis
test, 3 = 51.222, P < 0.001). However, when correcting for multi-
ple pairwise comparisons by setting a to 0.0083, the only statistical
significance remained for resident birds. These birds were found in
smaller subgroups compared with the birds in other presence cat-
egories; continuous and periodic visitors did not differ significantly in
subgroup size (Table 3).

Influences on subgroup size

We derived the final model by averaging all models. We found that
all factors had a significant effect on subgroup size (prediction 4,
Table 4).

DISCUSSION

Our findings support the majority of our hypotheses regarding
grouping behavior and the influence of environmental factors on
population, group size and their composition with regard to resi-
dency status (presence categories) in wild carrion/hooded crows
utilizing Vienna Zoo. The local flock’s size changed considerably
throughout the year and was significantly smaller during the breed-
ing season than other seasons (prediction 1). The composition of
the crow local flock resembled that of wild common ravens (Braun
and Bugnyar 2012), and consisted of resident birds and birds that
visit the area either continuously, periodically or only rarely (pre-
diction 2). Environmental factors such as time of day, season, tem-
perature, and weather had a significant effect on the size of the
local flock (prediction 3). There were also significant environmen-
tal effects on subgroup size (prediction 4), in particular season,
structure of the surroundings, age class of the birds, and weather.
Relating these findings to the framework for fission—fusion dynam-
ics proposed by Aureli et al. (2008), temporal variation in party size
is evident on the flock and subgroup level, whereas hints towards
a temporal variation in party composition are found on the level
of the local flock with regard to changes in the residency status

of birds.

Crow social structure and dynamics

From a socio-cognitive perspective, the structure of the local flock
is interesting. Our data fit the well-known picture of corvids form-
ing “open” groups when utilizing resources, with individuals com-
ing and going at different times and rates (Coombs 1978; Richner
1989b; Marzluff and Heinrich 1991). Further, they corroborate
recent findings in ravens that such “groups” (termed here as the
local flock) are composed of individuals with different degrees of
residency and vagrancy, respectively, with some individuals show-
ing stronger preferences for a given site than others (Braun and
Bugnyar 2012; Loretto et al. 2016). Moreover, our current analyses
of the presence patterns show that a more detailed differentiation
is possible: in addition to “resident” birds staying in the Zoo and
“continuous visitors” coming to the Zoo regularly, we can distin-
guish “periodic visitors” coming to the Zoo only for certain time
periods from “rare visitors” only rarely being sighted within the
Zoo area. From the first 3 categories, some crows could be iden-
tified through observations as breeders. The majority of birds in
all categories, however, seems to be nonbreeders that are either too
young to breed or that failed to find a partner and/or defend a
breeding territory.

The proportion of individuals belonging to the 4 presence cat-
egories underwent significant changes throughout the year. The
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Table 3

Pairwise comparisons for the subgroup sizes across the 4
presence categories

Resident Continuous Periodic
N Mean £ SD birds visitors visitors
Resident Birds 1754 2.46 = 2.91
Continuous 779 3.34 £4.56 W =585,130
Visitors P<0.001
Periodic 183 2.96 +3.30 W =136,960 W = 71,442
Visitors P<0.001 P =0.960
Rare Visitors 88 3.66 £5.03 W =59463 W =31,384 W =7331
P<0.001 P=0.181 P=0.219

Wilcoxon signed-rank tests, oo = 0.008.

proportion of resident birds was higher during the nonbreeder
season, which could be due to food availability or to decreased
competition for breeding sites in fall and winter. The lower pro-
portion of birds during the breeding season could also be due to
resident breeders being less visible while present at the nest. Indeed,
the relative number of days that resident individuals were seen is
significantly lower during the breeding season. The proportion of
continuous visitors was significantly higher during the parental
care season than the other seasons, which could stem from small
family groups preferably living in the areas surrounding the Zoo,
though coming in to the Zoo to raise their young in an area with
higher food density. While resident birds and continuous visitors
were more similar according to the cluster analysis, periodic visi-
tors were more distinct regarding their presence. The proportion of
periodic visitors in the population was higher during the breeding
season than the rest of the year. Therefore, we assume birds within
this category may come to the Zoo to attempt breeding as the area
presents a secure feeding site.

Rare visitors were sighted evenly across all seasons. Therefore,
we assume that these individuals could be vagrant birds using large
areas, similar to previous findings in ravens (Loretto et al. 2016).
They may use the Zoo only as a stopover during vagrancy, or the
Zoo may be situated at the periphery of their home ranges and
the birds seldom visit the area. During observations, we did not

Table 4
Influences on subgroup size, average model
Estimate + SE Pr(>|z|)
(Intercept) —0.549 £ 0.152 <0.001
Season Breeding Season —0.633 £ 0.102 <0.001
Parental Care Season —0.169 = 0.094 0.071
Forested Area Out of Forest 0.605 + 0.034 <0.001
On Building Off 0.489 £ 0.040 <0.001
Age Nonjuvenile —0.451 £ 0.032 <0.001
Food Vegetarian 0.423 £ 0.024 <0.001
Mixed —0.034 £ 0.047 0.473
Mainly Meat 0.263 £ 0.039 <0.001
Human =0.291 + 0.044 <0.001
Gastronomical Area
Weather Clouds 0.317 £ 0.065 <0.001
Sun 0.138 + 0.067 0.040
Transect Time Noon =0.113 £ 0.035 0.002
Afternoon 0.280 + 0.025 <0.001
Visitors Some —0.099 % 0.026 <0.001
Many 0.195 + 0.055 <0.001
Number of Crows Present 0.005 + 0.002 0.009

Calculated from all models (weighted full average), the factors are ordered by
influence from high to low and by their category.

observe all the individuals that were marked as part of the longer-
term project. This could in part be due to death, as indicated in
Figure 3 where 3 individuals were known to have died during the
period of the present study, albeit not all in the Zoo. However, we
found evidence that some individuals that were marked at the Zoo
seemed to have left the area for several months before being sighted
there again. This is particularly apparent in the “Rare Visitors”
and “Periodic Visitors” category. Therefore, it is plausible that a
certain proportion of birds only return irregularly to our study area
and some individuals may not return to the Zoo at all.

Although our categories are constructs that describe the crows’
presence patterns along a continuum, it is worth noting that resi-
dents and continuous visitors should differ in their likelihood of
meeting one another, when compared with periodic or rare visi-
tors. Hence, the different presence patterns may have direct effects
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on the birds’ social knowledge and behavior. For instance, the birds
with spatio-temporally stable patterns may come to recognize
cach other in individual terms, whereas those with high degrees
of vagrancy may be treated according to rules of thumb, such as
always supporting the aggressor in agonistic interactions. Further
studies are needed to test such assumptions.

Overall, the number of crows using the Zoo differed signifi-
cantly between the breeding season and the rest of the year, with
fewer birds being present during the breeding season, which is
consistent with our prediction. This finding could be explained by
the territoriality of breeding pairs trying to defend food resources
needed for their offspring, similar to American crows (Marzluff
and Heinrich 1991; Webb et al. 2012). As breeding territories
cover most of the Zoo area, breeding pairs could possibly repel
nonbreeders from foraging there. A study on the same local flock
found the crows to be highly tolerant towards other individuals
foraging in the same area even in the late breeding season and
parental care season, which was likely due to the high availability
of food (Miller et al. 2014). However, this study did not investi-
gate any seasonal effects on tolerance and measured tolerance via
social interactions, rather than our present measures of local flock
and subgroup size. Therefore, it is possible that the high tolerance
between crows found in the Miller et al. (2014) study may be habi-
tat/population specific. Alternatively, it could be a “dear enemy”
effect (Ydenberg et al. 1988), where individuals sharing territories
close to one another allow foraging in close vicinity. This tolerance
towards conspecifics could be a common trait among corvid spe-
cies. Studies on social networks in New Caledonian Crows (Corous
moneduloides) and ravens show that information flow within groups
1s fast and flexible, and can be predicted by association patterns
within groups but less so between groups that are less closely asso-
ciated spatially (St Clair et al. 2015; Kulahci et al. 2016). Future
studies could investigate seasonal differences and habitat specific
differences on tolerance in a foraging context within other car-
rion/hooded crow populations. In regard to the present study,
despite the generally high number of crows present and ensuing
high competition, the high availability of food in the Zoo may
explain why breeding pairs appeared to defend their territories
during the breeding season only.

Environmental effects

Our measures of local flock size and subgroup size are likely
linked, as a larger local flock size could increase the possibil-
ity of larger subgroups forming, as indicated in sea birds
(Beauchamp 2011). Hence, the environmental factors that
influenced the local flock size affected subgroup size in a simi-
lar manner. The crows’ activity patterns are strongly influenced
by the time of day, weather and temperature. Hot temperatures
(>25 °C) and rainy weather likely lowered the crows’ mobility,
leading to smaller local flock and subgroup sizes as fewer crows
with territories outside of the Zoo congregated within the Zoo
area. Local flock and subgroup size seem to have a strong link
to the availability of food in the Zoo, as they increase signifi-
cantly in times when food availability in the Zoo is likely to be
higher than outside this area. For instance, food available may
be higher within the Zoo in colder mean temperature parts of
the year (local flock size only), as well as in the afternoon when
the birds may have a higher chance of stealing food from animal
enclosures, and feeding on the food dropped by visitors, simi-
lar to foraging strategies of habituated grizzly bears (Albert and
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Bowyer 1991). The relative abundance of food appears to be a
strong social facilitator in terms of both subgroup size and local
flock size, similar to ravens converging on carcasses during win-
ter months (Heinrich 1989).

Forest cover, habitat openness and man-made structures influ-
enced subgroup size (prediction 4). Large subgroups of crows were
more likely to form in the more open, nonforested part of the zoo.
This may be due to larger subgroups providing more protection
from potential predation, which is more likely to occur in open areas
(Jarman 1974), or potential risk from humans. We also consider
potential sampling limitations with lower visibility in forested areas
during the summertime. Foliage may prevent crows that were sit-
ting in trees from being observed, therefore lowering the estimate for
the population or subgroup size, while better visibility during winter
may lead to higher estimates in either measure. However, a study
in another population of hooded crows also found a preference for
nesting in more open areas (Kovér et al. 2015), suggesting that there
may be a general preference for crows to make use of open areas.

Alternatively, the availability and distribution of food in rela-
tion to habitat structure may play an important role. Availability
of food was generally high as the crows had access both to food
provided for zoo animals as well as food dropped or fed to the
crows by visitors. Despite this generally high availability of food,
the largest recorded subgroup (z = 33) was found in an enclosure
with widely scattered food (black crowned crane, Balearica pavonia).
This wide scattering of food likely allowed for a large subgroup
of birds to forage and feed together, while lowering the chances
of conflicts, similar to findings in spider monkeys (Asensio et al.
2008, 2009). In support of this explanation, subgroup size tended
to be larger in the mainly “vegetarian” animal enclosures of the
zoo, where food is generally scattered across larger areas com-
pared with enclosures housing carnivorous predator species, where
meat/fish is usually presented in a concentrated manner. Similar
results have been found in white-throated magpies, where higher
food quantity allowed for larger foraging parties (Langen and
Vehrencamp 1998).

The number of human visitors present at the Zoo has a sig-
nificant effect on subgroup size, where a high number of human
visitors is associated with an increase in subgroup size. It is possible
that crows avoid crowds of visitors in the public areas by prefer-
entially spending time within animal enclosures, thereby increasing
the likelihood for subgroup formation. Another influential factor
for subgroup size was the age class of the crows. Similar to other
corvids (Goodwin 1976), nonjuvenile crows were less likely to form
subgroups, as they tended to have formed pair bonds and engaged
in territorial behavior compared with juveniles.

In summary, our findings suggest that carrion and hooded
crows in our local flock showed fission—fusion dynamics. The local
flock and its subgroup dynamics were influenced by environmen-
tal factors. These findings have interesting implications for social
complexity in these crows as, for instance, different areas in the
700 appear to have positive or negative effects on subgroup size.
In addition, we identified different levels of temporal flock mem-
bership that require further exploration into the potential rela-
tionships within and between the different presence categories
of crows as well as implications on the information flow between
birds. Further, future studies may aim to compare urban and rural
populations of crows to explore whether our findings are habi-
tat specific or applicable more generally to this species, as well as
other avian species.
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