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Abstract

Reintroductions of threatened species is a conservation strategy utilised around the world.
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Unfortunately, many translocated individuals have poor rates of survival post-release. If
released individuals are unable to socially integrate into wild populations, they might lose
the safety of the group or fail to learn critical skills. We examined the effects of age and
captivity on sociality and migration survival for the critically endangered orange-bellied
parrot (Neophema chrysogaster). As part of recovery efforts, adult birds are released in
spring to contribute to breeding and juveniles are released in autumn prior to migration.
Historically, captive-bred adults have low rates of migration survival, whereas captive and
wild juveniles survive at comparable rates. We investigated both the long-term impacts of
captivity on sociality and how sociality impacted migration survival by constructing social
networks and comparing captive and wild birds of different age classes. We found no
differences between captive and wild birds, suggesting that released birds integrated into
the population. However, juveniles were more strongly connected and demonstrated
greater network stability than adults. While we found no impact of sociality on survival, our
results provide evidence of different migration strategies previously described for juveniles
and adults: adults depart in small groups, and juveniles depart as a larger flock a few weeks
later. We suggest that the low migration survival of captive-bred adults may be attributable
to this cohort missing the juvenile flocking phase. These results suggest that a juvenile

developmental phase may be impactful in this species for future survival.

Keywords: conservation translocation; social network; reintroduction; migration; juvenile;

psittacine; survival; captive breeding

Short title: Social structure and survival

Word Count: 4,673
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1 3
2

3 .

2 43 Introduction

5

6

7 44  Translocating individuals has become an increasingly important conservation strategy for

8

9 45  many threatened populations (IUCN/SSC, 2013), yet their post-release survival is often low
10

12 46  (Fischer & Lindenmayer, 2000; Morris et al., 2021). Released animals need to learn to

14 47  survive in the wild quickly, and failure to acquire necessary skills can lead to poor survival
15

:? 48  outcomes (Jule, Leaver, and Lea, 2008), thus hampering recovery efforts (Seddon,

18

19 49  Armstrong, and Maloney, 2007). While a number of variables can contribute to poor post-

;; 5o release survival, problems resulting from social behaviour have been identified as one of
23 . . . . . .

24 51 the key issues impacting translocation success (Berger-Tal, Blumstein, and Swaisgood,
25

26 52  2019), in part because the way animals interact can have carry-over consequences for other
29 53  threats such as predation which has been documented to be a significant danger for many
31 54  species (Fischer & Lindenmayer, 2000; White et al., 2012). For some species, successful

34 55  integration into an existing group post-release has shown to be crucial for survival (Snyder
36 56 etal, 1994), both for the safety provided by the group (Elgar, 1989) and learning important

39 57  skills from wild conspecifics (Brakes et al., 2019).

4 58  Once integrated into a group, translocated animals can learn critical survival skills and

44 59 information from social interactions, including effective foraging strategies (Farine et al.,
60  20153; Thorogood, Kokko, and Mappes, 2018), predator recognition (Swift & Marzluff,

49 61  2015), and migration behaviours (Mueller et al., 2013). An individual’s social position can
21 62  therefore impact their ability to learn new skills (Boogert et al., 2008; Langley et al., 2018),
54 63  receive important information (Boogert et al., 2014b), or to adapt to changing

56 64  circumstances (Franks et al., 2020b), which creates carry-over effects on fitness via

59 65  diminished survival (Langley et al., 2020) and/or reproduction (Schubert et al., 2007). For
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example, Franks et al (2020b) demonstrated that juvenile hihi (Notiomystis cincta) who
gained more associates after translocation tended to have a higher rate of survival.
Similarly, stable social relationships improved the reproductive success of female greater
ani (Crotophaga major); females who maintained stable long-term associations fledged
more chicks compared to females with less-stable social bonds(Riehl & Strong, 2018).
Translocations inherently change the social structure of populations (Firth et al., 2017;
Parker et al., 2012), so understanding how translocated individuals integrate into a
population could help improve survival outcomes and recovery efforts (Brakes et al., 2021;

Moseby et al., 2020; Snijders et al., 2017).

The social structure of populations is especially important when considering the
introduction of captive-bred animals. Captivity inherently presents a very different early-
life environment compared to the wild (Crates, Stojanovic, and Heinsohn, 2022; Mason et
al., 2013), including reduced opportunities for social learning (Harrison et al., 2011; Spiezio
et al., 2018). Furthermore, an individual’s early life experience can affect social position
within a population (Boogert, Farine, and Spencer, 2014a; Brandl et al., 2019). In this way,
being born in captivity may disadvantage translocated animals if they cannot socially
integrate with wild conspecifics post-release (Jule et al., 2008; VanderWerf et al., 2014;

White et al., 2012).

Given that reintroductions of captive-bred animals are a globally important tool in the fight
against extinction (IJUCN/SSC, 2013), understanding the fitness consequences of social
behaviour on reintroduction success is an important emerging aspect of conservation
science (Goldenberg et al., 2019; Sosa et al., 2021). Social network analysis (SNA) has

become a powerful tool that can reveal both the impacts of fine-scale social position on
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1

2

431 89 individual fitness outcomes (Beck, Farine, and Kempenaers, 2021; Formica et al., 2012) or
5 . . . . . .

6 9o  expose important underlying population structures which can impact survival or

7

g 91 reproduction (Snijders et al., 2017). This can be particularly important for small populations
10 . : : . :

1 92 thatare more sensitive to the dramatic population changes caused by translocations (Firth
12

13 93 etal, 2017; Parker et al., 2012; Snijders et al., 2017). Understanding the structure and

14

15 . . , -

16 94 importance of social groups can therefore help inform management decisions and release
17

18 95  protocols to help improve the translocation success (Goldenberg et al., 2019): for example,
96  black-tailed prairie dogs (Cynomys ludovicianus) were five times more likely to survive

23 97 translocation when they were translocated in family groups (Shier, 2006), and Dunston et
25 98 al. (2017) used SNA to demonstrate that captive-bred lions were able to form social

28 99  structures comparable to wild prides. However, despite increasing recognition of the

30 100 importance of social structure for conservation programmes (Brakes et al., 2021), (and the
33 101 powerful tool offered by SNA), there remain few examples using this approach to explore
35 102 therelationships between release protocols, social structure, and consequences for

103 reintroduced animals.

41 104  Weinvestigate the relationship between captivity, social position, and survival using a

43 105 model species subject to an intensive reintroduction program. The critically endangered
106  orange-bellied parrot (Neophema chrysogaster) is a small parrot that breeds in remote

48 107 southwestern Tasmania during the austral spring/summer and migrates each winter to the
108  Australian mainland before returning to the breeding grounds in spring (Birdlife

53 109 International, 2018a; Brown & Wilson, 1981). As part of ongoing recovery efforts, captive-
110  bred adults are released each austral spring with the aim of maximising the number of

53 111  nestsinitiated in the wild (DELWP, 2016). In recent years, the recovery program has also

60 11> trialled releasing captive-bred juveniles in the austral autumn prior to migration (Pritchard
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et al., 2021). Little is known about orange-bellied parrot social structure, but parrots as a
group are extremely social (Heinsohn, Buchanan, and Joseph, 2018), and juvenile orange-
bellied parrots are known to form flocks prior to migration (Brown & Wilson, 1981). The
threats driving the decline of orange-bellied parrots remain poorly defined and largely
unmitigated but are suspected to include habitat loss, migration mortality, and Allee
effects (Stojanovic et al., 2017; Stojanovic et al., 2020). Additionally, there is good evidence
that first-migration survival of juvenile parrots has halved over the last two decades for

unknown reasons (Stojanovic et al., 2020).

Adults survive the migration at a much higher rate than juveniles (approx. 58% compared
to approx. 20%, (Stojanovic et al., 2020)), suggesting that an individuals’ first migration is
more perilous than subsequent attempts. While the low rate of juvenile survival is limiting
population growth (Stojanovic et al., 2023), wild and captive juveniles are equally likely to
survive their first migration attempt (Bussolini et al., 2023a). However, , the migration
survival probability of released captive-bred adults is reportedly very low (BirdLife
Australia, 2020; Smales et al., 2000) making this group much less likely to survive their first
migration compared to both juveniles and wild adults. This is surprising because the
majority of captive-bred adults released in spring have already survived several months in
the wild, yet few go on to successfully complete the migration (BirdLife Australia, 2020;
Smales et al., 2000).The poor migration survival of released captive-bred adults is of
conservation concern due to the extensive resources required to breed and release captive

animals (Fischer & Lindenmayer, 2000).

Captivity can have long term impacts on social behaviour and position (Crates et al., 2022;

Goldenberg et al., 2019) and sociality can impact individual survival in a number of ways
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1 7
2

3 136  (Boogert et al., 2014b; Franks et al., 2020b; Langley et al., 2018). If captive-bred adults are

1 3 g gley P

5

6 137  unable to socially integrate post-release, birds might be unable to form social bonds. This

7

g 138  could increase mortality risks (if they are unable to benefit from the safety of the group) or
10

11 139 impairtheir ability to learn information critical to migration success (including timing,

13 140  migration routes, and stopover points).

16 141 Furthering our understanding of survival probabilities is arguably one of the most

19 142  important factors facing orange-bellied parrot conservation, as poor survival outcomes

21 143  (both of released adults and the low rates of juvenile survival) undermine recovery of this
144  critically endangered species (Stojanovic et al., 2023).1f social behaviours contribute to poor
26 145 migration outcomes for captive-bred adult parrots post-release, recovery programs can
146  take steps to integrate this information into management practices, adjust release

31 147  strategies, and help improve fitness outcomes of translocated populations (Dunston et al.,

148  2017; Goldenberg et al., 2019).

149  Given the importance of social integration during early life on fitness, we hypothesise that
39 150  thelow survival of captive-bred adults arises from long-term impacts of an early life in

151 captivity. If this is the case, we predict that released captive-bred adults would show

44 152 differences in their sociality compared to both wild-living adults and juveniles, whereby less
46 153 integration with a flock may result in an individual experiencing a lower number of social

49 154  connections, being more peripheral in a group, and having more transient (and therefore

51 155 variable) associations. In turn, social position could influence an individuals’ probability of
156  surviving its first migration. To determine if captivity has long-term impacts on orange-

56 157  bellied parrot social position we investigated: (i) differences in the number and strength of

158  associations, (ii) position within the network, and (iii) stability of network position for
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different demographic cohorts. Finally, we investigated the consequences of sociality on
individual migration survival outcomes. We discuss our findings in the context of
management practices and reintroduction efforts that involve releases from captive

populations.

Materials and Methods

Background

Study species & conservation actions
The critically endangered orange-bellied parrot is a small (~45 g) parrot endemic to south-

eastern Australia (Higgins, 1999). This species is an obligate migrant; birds breed in remote
south-west Tasmania before migrating to the Australian mainland during the austral winter
and returning the following spring (Brown & Wilson, 1981). Ongoing population decline has
reduced the current breeding range to a single location at Melaleuca in Tasmania’s south-
west (DELWP, 2016). Birds return to the breeding grounds from late September, when they
form monogamous pairs and begin nesting from mid-November — early December (Brown
& Wilson, 1981). Juveniles fledge from late January — early March and stay with their
parents for a few weeks before adults depart for migration (late January —early February);
juveniles follow a few weeks later (BirdLife Australia, 2020) (Brown & Wilson, 1981). Birds
are able to breed at approximately g months of age when they return to the breeding

ground the following spring (BirdLife Australia, 2020).

The Tasmanian Government (NRE Tas) has facilitated an ongoing monitoring program of
the wild orange-bellied parrot population at Melaleuca since the late 1970’s (Smales et al.,

2000). Supplemental food is provided daily throughout the breeding season, and these feed

ACV submitted manuscript



Page 9 of 48 ACV: For review purposes only - please do not distribute

1 9
2

431 181  tables are monitored by volunteers each day from approximately September through to

5

6 182  April (Troy & Lawrence, 2022). Thees monitoring data form the basis of both the social

7

g 183  network and survival analyses.

10

:; 184 A captive breeding program was first established for the orange-bellied parrot in 1986

13

14 185  (Smalesetal., 2000), and currently comprises several hundred birds across multiple

16 186  institutions (Morrison et al., 2020). In captivity, birds are generally housed in single-sex
19 187  flocks until early spring when a single male and single female are paired for breeding
21 188  (Bussolinietal., 2023b). Breeding pairs are determined by a species coordinator to

189  maximize genetic heterozygosity within the captive population (Bussolini et al., 2023b;
26 190 Morrison et al., 2020). Juveniles are generally held with their family groups for several

191 weeks post-fledging (BirdLife Australia, 2020).

192  As part of ongoing recovery efforts, captive-bred adult birds are released each spring to

34 193  balance sexratios and maximise breeding in the wild (DELWP, 2016). In recent years,

194  captive-bred juveniles have been released in autumn just prior to migration (Pritchard et al.,
39 195  2021). Other management actions have involved ‘head-starting’ by capturing wild juveniles
196  inautumn and holding them in captivity for several months before releasing them as adults
44 197 thefollowing spring (Pritchard et al., 2021). At present, spring-releases of adult birds and

46 198 autumn-releases of juveniles are ongoing management actions (Troy & Lawrence, 2022).

199 Available data

52 200 Thelong-term monitoring data gathered by volunteers and NRE Tas provide the basis for
>4 201 this analysis. Supplementary food is provided at three different locations and feed tables
57 202  are monitored by volunteers for four hours each day (see map in Supplementary Materials).

59 203 Individual birds are recorded as present or absent during 15-minute block increments

ACV submitted manuscript



coONOUVL A~ WN=

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

ACV: For review purposes only - please do not distribute Page 10 of 48

10

throughout the four-hour daily monitoring period. Only birds that land on the feed tables
are recorded. Individual birds are identified via a unique colour leg-band combination (Troy

& Lawrence, 2022).

Whist comprehensive and long-term, this dataset has some inherent limitations.
Specifically, there is no indication of the length of the visit per individual, and interactions
are assumed (not necessarily observed) based on the occurrence of two individuals present
in a given observation period. We assumed that individuals seen together in an observation
period were associating in some way (‘gambit-of-the-group’ approach (Franks, Ruxton, and
James, 2010)) as the population size is very small (27 birds returned from migration in 2016;
(DELWP, 2016; Stojanovic et al., 2020), and the existence of multiple feed tables means
that individual parrots can choose where and when they feed, and thus with whom they
associate. Additionally, there is a high degree of confidence (94%) regarding the identity
and survival outcomes of each individual bird (Stojanovic et al., 2020), so this dataset can

be considered an accurate representation of parrot social interactions in this context.

The population size of orange-bellied parrots available for detection at feed tables varies
over a breeding season due to staggered arrival from migration, initiation of nesting,
incubation, provisioning, fledging, and migration departure; these fluctuations can result in
the mean population size doubling during fledging, then halving as adults depart on
migration (see Supplementary Materials). We therefore identified an six-week period in
late summer (late-January to mid-March) when the population size was relatively stable as
our focus for this study. This period captured both juveniles as they entered the population
(early February — mid March) and adults before they departed on migration (late January —

late February; (Brown & Wilson, 1981)). This length of time allowed us to incorporate a

10
ACV submitted manuscript



Page 11 of 48 ACV: For review purposes only - please do not distribute

11
1

2

431 227 large proportion of individuals while avoiding extreme changes in population size and
5 . .

6 228  preventing the network from getting too dense.

7

8

9 229  Network construction

10

:; 230  We compiled feed table monitoring records from seven breeding seasons (2014/15 —
13

14 231 2020/21) and assembled group-by-individual matrices where all individuals recorded at the
232 same location in the same 15-min window were assigned a unique group number. For (rare)
19 233 instances of multiple unmarked individuals recorded in the same 15-min block that could

21 234  not be distinguished by age or sex (2014, 2015) these observations were treated as one

>a 235 individual. We used the package ‘asnipe’ v. 1.1.16 (Farine, 2013) to build simple-ratio index
26 236  weighted, undirected networks for each year which captured social interactions due to the
59 237 highreliability of observing individuals in this population (Stojanovic et al., 2020). All

31 238  analysis was conducted in Rv. 4.2.1 (R Core Team, 2023).

35 239 Aim 1: Investigating differences in social metrics

38 240  Sociability of individual birds

241 Toinvestigate differences in the sociability of individual birds, we used ‘igraph’ v.1.3.5

43 242  (Csardi & Nepusz, 2006) to calculate two different metrics of social connectivity. We first
243  calculated a value of strength (defined as the sum of a link’s weight in the weighted

48 244  network (Sosa et al., 2020)) for each individual. Strength is a reflection of both the

245  frequency and number of an individual's interactions and can be considered a measure of
53 246  anindividuals’ sociality (Sosa et al., 2020). As population size varied across years, we

55 247  standardized individual strength within each network. To do this, we ranked individuals by
sg 248  theirstrength value and then divided the rank by the size of the population that year, so
60 249 thatvalues were bound between o (least social) and 1 (most social).

11
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12

We also calculated a value of eigenvector centrality which measures how centrally located
an individual is within the network. Eigenvector centrality can be interpreted as the amount
of social support or social capital an individual has (Sosa et al., 2020). Values of eigenvector
centrality range between o (least central) and 1 (most central) and were thus comparable
between networks of different sizes (Castles et al., 2014). While eigenvector centrality and
measures of strength can be correlated (see Supplementary Materials) they account for
slightly different aspects of the social environment (Sosa et al., 2020), so we included both

metrics.

Variation in network position through time

To investigate the degree of variation of an individual’s social position over time, we
expanded our original dataset to include eight weeks of observations (mid-Jan — mid-
March). We chose to include additional weeks in order to maximise the number of birds
present in multiple time-periods and increase the number of individuals that could be
included in this analysis. A higher degree of variability in network position could reflect an
ability to adapt and change associations more rapidly, which could be advantageous in a
dynamic population as studies have shown that individuals with more adaptable social

bonds do better in rapidly changing environments (Franks et al., 2020b).

For each week in each year, we built simple-ratio index weighted, undirected networks
using ‘asnipe’ v. 1.1.16 (Farine, 2013) and calculated a value of strength for each individual
within each network with ‘igraph’ v. 1.3.5 (Csardi & Nepusz, 2006). Within each network we
ranked individuals by their strength value. We then divided the rank by the size of the
population in a given week, so that values were bound between o (least social) and 1 (most

social). We calculated a coefficient of variation (CV) for each individual by dividing the

12
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1
1 3
2

431 273 standard deviation of an individual's standardised rank by the mean, following

5

6 274  methodology outlined in Murphy et al. (2019). A lower coefficient of variation indicates less
7

g 275 variation in an individual’s network position through time, while a higher coefficient of

10

11 276  variation indicates greater variability. For individual birds that appeared across multiple

13 277  years, adistinct CV value was calculated for each year.

278  Data analysis - social metrics

19 279  Toexplore how different aspects of translocation protocol linked to our three individual-

21 280 level social network metrics, we then fit a series of models for each standardised ranked

>4 281 strength, eigenvector centrality, and individual CV. We used generalised linear mixed effect
26 282 models using a logit-link function and a beta distribution for both standardised ranked

283  strength and eigenvector centrality, and used linear mixed effect models for individual CV
31 284 using'glmmTMB' v.1.1.3 (Brooks et al., 2017). We fitted as fixed effects: provenance (‘wild’
285 or'captive’); sex (‘male’, ‘female’, or ‘'unknown’, determined by molecular techniques (Troy
36 286 & Lawrence, 2022)); age class (‘adult’ or ‘juvenile’); how the individual entered the

38 287  population in a given year (‘arrived from migration’ or ‘released from captivity’), hereafter
41 288  referredto as ‘release status’. We also included a three-way interaction of provenance x

43 289 ageclass x release status to derive an estimate for each demographic cohort of interest

46 290  resulting from various management actions over the timeframe of the study, and

48 201 investigate the full ecological framework for this species. This three-way interaction

292  produced six distinct demographic cohorts: four adult cohorts (wild and captive adults who
53 293 had arrived from migration or had been released in spring); and two cohorts of juveniles

294  (wild and captive; please see Supplementary Materials for a full description of each cohort).

295  All models included the mean-centred number of observations of each individual as a fixed

13
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14

effect to ensure variation was not due to differences in detection (Franks et al., 2020a).
Year and individual ID were included as random effects in all models to account for
repeated observations of the same individual. For standardised ranked strength and
eigenvector centrality, we excluded individuals with fewer than three observations (n = 39)
and unknown sex (n = 5). For individual CV, we excluded individuals of unknown sex (n =7),

or individuals seen in less than two time periods (n = 55).

Model selection was based on AAIC >2 (Burnham & Anderson, 2002), and we evaluated
model fit and verified assumptions with the ‘check_model’ function in ‘performance’ v. 0.9.1
(Ludecke et al., 2021) and ‘simulateResiduals’ function in ‘\DHARMa’ v. 0.4.5 (Hartig, 2022).
We calculated effect sizes using ‘emmeans’ v. 1.7.5 (Lenth, 2021), visualised results with
‘ggplot2'v. 3.3.6 (Wickham, 2016), and used ‘performance’v. 0.9.1 (Lidecke et al., 2021) to

calculate marginal and conditional and marginal R2 values for all models.

To account for the non-independent nature of social network data and following standard
analysis procedure (Franks et al., 2020a; Weiss et al., 2021), we used the ‘network_swap’
function in ‘asnipe’ v. 1.1.17 to create 1000 randomised networks each with 1000 node
permutations (Farine, 2017; Farine, Whitehead, and Altizer, 2015b). We then generated the
same social metrics from the randomised networks (eigenvector centrality, standardised
ranked strength, and individual CV) and ran models with the same structures specified in
the main methods section above. We then compared whether the test statistic from the
real data were significantly different to the values generated from the randomised

networks (see Supplementary Materials for details).

Assortment

As a way to determine if individuals freely socialised among the population or were

14
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15

preferentially associating with members of the same demographic cohort, we used the
package ‘assortnet’ v. 0.1.2 (Farine, 2016) to calculate an assortativity coefficient (r)
between demographic cohorts for each year following methodology outlined in Firth et al.
(2015). Demographic cohorts were defined by an individual’s provenance (‘wild’ or
‘captive’), age class (‘adult’ or ‘juvenile’), and release status (‘arrived’ or ‘released’).
Assortativity coefficients range from -1 to 1, where positive values indicate individuals
preferentially associate with others in the same cohort, and negative values indicate
avoidance. Assortativity analysis can reveal structure in the population that might not be
detectable with social metrics alone (Newman, 2003). A high degree of assortment by
demographic cohort could indicate that translocated or captive-bred birds are not
integrating into the population and are preferentially associating with birds in the same

cohort.

Assortativity coefficients calculated from the data were then compared against results
from 10,000 randomised networks generated via node permutations sampled without
replacement to account for non-independence of the network data (Firth & Sheldon, 2015;

Franks et al., 2020b).

Aim 2: Investigating the impact of social metrics on first-migration
survival

Finally, we investigated the impact of social metrics on first-migration survival rates. There
is a body of evidence indicating that demographic variables (e.g., age, provenance) are
likely to impact survival outcomes for orange-bellied parrots, with adults having a higher
estimated rate of survival compared to juveniles, and captive-bred adults returning at low
rates compared to other groups (BirdLife Australia, 2020; Smales et al., 2000; Stojanovic et

15
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16

al., 2020). We therefore sought to first quantify variation in first-migration survival
attributable to different demographic traits. To do this, we fitted generalised linear mixed
effect models with a logit-link function and a binomial error distribution using ‘gImmTMB’ v.
1.1.3 (Brooks et al., 2017) with individual survival outcomes as a binomial response variable,
and a three-way interactive term of provenance, age class, and release status as a fixed
effect. Year was added as a random effect. Again we fit this three-way interaction - to
estimate effects for each demographic cohort of interest relative to conservation actions

taken for this species.

Recapture probability in this species is very high (Stojanovic et al., 2020), thus we had a
high degree of confidence that all survivors would be detected in the year after their first
migration. We chose to focus on first-migration survival both due to the decrease in
juvenile survival rates in recent years (Stojanovic et al., 2020), and to prevent individuals
from appearing in the data repeatedly. This therefore excluded birds that had completed
the migration previously (adult birds with a release status of ‘arrived’) and reduced the
number of demographic cohorts to four (wild and captive adults who were released in

spring, and both wild and captive juveniles).

We then aimed to evaluate whether variance in sociability within demographic cohorts
affected individual survival probabilities. To do this, we constructed three additional
models with three different social metrics (standardized ranked strength, eigenvector
centrality, and individual CV) as additional interactions to the three-way interactive model
(e.g., provenance x age class x release status x standardized ranked strength, and so on). All
models included the mean-centred number of observations of each individual as a fixed

effect (Franks et al., 2020a) and year as a random effect. Model selection was as stated

16
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431 365  above using AIC model selection).

5

6

7

s 366 Results

9

10

12 367 Investigating differences in social metrics

15 368  Sociality of individual birds

369  We compiled 590 records of both standardized ranked strength and eigenvector centrality
20 370 for 439 unique individuals over the seven seasons. The population size within each network
22 371 ranged from a low of 37 birds in the 2015/16 season to a high of 206 individuals in the

25 372 2020/21 season.

28 373  Forboth standardised ranked strength and eigenvector centrality, the best model based on
30 374  AlCselection included the three-way interactive term of provenance, age class, and release
33 375 status(Table 1). For eigenvector centrality, all adults had lower estimates compared to

35 376  both juvenile cohorts (Figure 1; full model estimates are provided in Supplementary

38 377 Materials), and there was no difference in the estimates between any of the four adult

40 378  cohorts (captive-arrived, wild-arrived, captive-released, wild-released). Captive-juveniles
43 379 had similar but slightly higher estimates of both social metrics compared to wild juveniles.
45 380  Thisrelationship between age, provenance and release status and social metric was robust
381 following permutations, as cohort estimates differed from those generated by randomised
59 382  networks (Supplementary Figure S1). While the model for standardised ranked strength

52 383 indicated similar age-provenance-release status patterns, the model permutations

55 384  suggested this was not statistically robust. Estimates for both classes of juveniles, and for
57 385  wild-arrived adults, did not differ from random chance; instead, only captive-arrived,

386  captive-released, and wild-released adults had statistically robust estimates
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(Supplementary Figure S2).

Variation in network position through time

A total of 594 values of coefficient of variation (CV) were calculated, comprising 449
different individuals across seven seasons. When individual CV was fitted as a response
variable, the best supported model based on AIC selection included the single term of age
class (Table 1). There was a small but significant difference in network variation between
adults and juveniles, with adults having a higher coefficient of variation, and thus a greater
degree of variation in social position and connections through time compared to juveniles
(Figure 1, full model estimates are provided in Supplementary Materials). Conversely,
juveniles were more stable in their social connections and positions through time.
Reflecting these patterns in consistency, model estimates for the effect of adults on CV did
not differ from those expected by random chance generated by permutations, while

juveniles were significantly different to random (Supplementary Figure S3).

Assortment

Orange-bellied parrots showed strong positive assortment by demographic cohort,
indicating that associations were strongest between members of the same cohort, and
weakest between members of different cohorts (Figure 2). Assortativity coefficients were
positive (range: 0.08 —0.22) for every year and fell well outside the 95% range generated by
random permutations of the dataset (Figure 2). This suggests that orange-bellied parrots
primarily associate with individuals of the same age class, release status, and provenance as

themselves. Mixing matrices for each year are presented in Supplemental Materials.

18
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431 409 Impact of social metrics on survival

5

s 410  Atotal of 396 individuals had suitable social data to be included in our analysis of first-

g 411 migration survival. The best supported model for first-migration survival only included the
10

1T 412 three-way interactive term of provenance, age class, and release status (Table 1). When
14 413  social metrics (standardised ranked strength, eigenvector centrality, and individual CV)
16 414  were added as an additional interactive term, social metrics did not improve model fit
415 based on AlC values (Table 1). This suggests that within each demographic cohort,

21 416  individuals were equally likely to survive regardless of their sociality, network position, or

Y=Y level of variability in social interactions.

25

23 418  Wild adults released in spring had the highest probability of surviving their first migration
28

29 419  (48%, Cl: 26.1-70.8%), while released captive adults had the lowest (11.5%, Cl: 5.8 — 21.5%).
420  Captive and wild juveniles survived at similar rates consistent with other estimates of

34 421 juvenile survival (26.6%, Cl:19.5% - 35.1% and 34.3%, Cl: 27.8% - 41.5%respectively).

38,22 Discussion

423 Ourstudy aimed to map the social structure of orange-bellied parrots to investigate

44 424  potential long-term impacts of both age and captivity on social position and first-migration
46 425 survival. We reveal key social differences between adults and juveniles. Juvenile orange-

49 426  bellied parrots are more centrally located in the network (higher eigenvector centrality),

51 427  and more stable in their network position through time (lower CV) (Figure 1), in comparison

428  tothe less consistent adult social connections.

57 429  This highly social behaviour of juveniles could reflect known descriptions of orange-bellied

59 430  parrotlife history. After breeding, adult birds depart on the migration first in staggered

19
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groups, leaving juveniles to flock together before they also leave a few weeks later (Brown
& Wilson, 1980; Brown & Wilson, 1981). The higher eigenvector centrality, and network
stability seen in juveniles, in addition to the high degree of assortment in the population,
likely reflects this flocking behaviour, whereas the higher CV, and lower eigenvector
centrality could reflect the adult birds already having departed on migration. Furthermore,
we detected less robust effects from standardised ranked strength (an individual's relative
number of associates) in comparison to eigenvector centrality (encompassing both an
individual's own plus its neighbour’s connectedness). This warrants further investigation
over further years to probe variation in different network qualities further, but could reflect
a differences in sociality from being in a highly connected juvenile flock compared to more

transient adult associations.

The pre-migration juvenile flocking period could involve forming important social bonds
and/or learning critical skills for migration as birds can learn migration skills from
conspecifics (Mueller et al., 2013). If this is the case, this could explain both the similar
survival rates of captive and wild juveniles and the poor survival of captive adults. Captive
adults might be disadvantaged because they missed a critical juvenile learning or
socialisation period. The higher first-migration survival rates of wild birds released as adults
(wild-adult-released) also support this theory. These birds fledged as juveniles in the wild
for a few weeks before being caught and held in captivity over winter and released in spring
as adults. Despite months in captivity, these birds have a much higher rate of first-
migration survival than captive-bred adults released at the same time of year, perhaps due
to their early experience flocking with other juveniles. There is evidence that social
disruption early in life can have profound and long-term consequences for a variety of
species (Shannon et al., 2013) (Brandl et al., 2019; Turner et al., 2021), which could

20
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2

431 455  potentially help explain the low migration success of captive-bred adults.

5

? 456  Alternatively, this period of juveniles flocking prior to migration could be about finding

8

9 457  safety in numbers rather than learning migration skills, since more experienced adult birds
10

:; 458  have already departed on migration. Observations of migrating orange-bellied parrots by
13

14 459  Brownand Wilson (1980) describe juveniles consistently being seen in large groups, while
16 460  adult birds were usually seen in pairs or small groups. These descriptions, coupled with our
19 461 findings, suggest that juvenile orange-bellied parrots form ‘gangs’ similar to those

21 462  described in ravens (Corvus corax) (Dall & Wright, 2009) and hihi (Notiomystis cincta)

54 463 (Franksetal., 2020c). Juvenile lead gangs can act as information centres and provide

26 464  evolutionary advantageous foraging strategies, search efficiency, and social opportunities
% 465  (Dall & Wright, 2009; Wright, Stone, and Brown, 2003). While neither ravens nor hihi

31 466  migrate, age-dependent migration strategies have been observed in several species of bird;
467  juveniles often exhibit different migration behaviours and delayed departure dates

36 468  compared to adults (McKinnon et al., 2014; Verhoeven et al., 2022) and continually adjust
38 469 their migration behaviours as they age (Sergio et al., 2014; Verhoeven et al., 2022). The

41 470  patternsseen in orange-bellied parrots suggest that juveniles in highly-connected social
43 471 gangs prior to migration may be advantaged. Declining survival rates in this cohort may in
46 472 partbedue to the historically small group sizes departing on migration and related

48 473 component Allee effects (Crates et al., 2017; Stojanovic et al., 2020).

51 474  Captive adults released in spring exhibit very similar social behaviours to other adult
=4 475 cohorts, and survival differences appear unrelated to the social traits we measured.
56 476  Research into other migratory species suggests captive-bred individuals exhibit different

477  migration behaviours when compared to wild birds, which could be a result of genetic

21
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differences, limited physical fitness, or ignorance about appropriate migration routes
(Burnside, Collar, and Dolman, 2017; Villers et al., 2010). The wild and captive populations
of orange-bellied parrots are genetically similar (Morrison et al., 2020), and while there are
some morphological differences between captive and wild birds (Bussolini et al., 2023a;
Stojanovic et al., 2021), released adults presumably develop enough physical fitness as they
have been living in the wild for several months. Alternatively, released birds could be overly
reliant on supplemental food, or be unable to recognise wild food plants on migration
(BirdLife Australia, 2020). Very little is known about migration of this species, so it is
impossible to say what factors are contributing to the low survival of released birds without

targeted research along the migration route (Stojanovic et al., 2020).

Our study did not reveal any impacts of social position on survival rates within demographic
cohorts. This suggests that within each cohort, individuals are equally likely to survive
regardless of their sociality, centrality, or network stability. However, our study has some
inherent limitations: in addition to a very small population, these observational data are
relatively coarse, and survival rates are so low that only a handful of individuals return in
any given year (Stojanovic et al., 2017). Additionally, this survival analysis only comprises a
subset of individuals captured by the SNA and is not necessarily reflective of the entire
population. Therefore, we cannot discount the concept of information transmission or
social position impacting survival outcomes, but this was not detectable in this study,
potentially due to a lack of statistical power in the four-way interactions. Although first-
migration survival of captive-bred adult birds is low, captive-bred juveniles survive at similar
rates to wild birds, and captive-bred adults seem to adjust their behaviours to match wild
birds after release. The captive population could provide opportunities to further
investigate the idea of learning and information transmission in juvenile parrots, thus

22
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23
502  better equipping birds released as adults.

503  Asmore species are threatened with extinction (BirdLife International, 2018b; Lees et al.,

coONOUVL A~ WN=

9 504  2022; Rosenberg et al., 2019), conservation breeding programs will continue to be a critical
505  tool for recovery programs worldwide (IUCN/SSC, 2013). Our research demonstrates that
14 506  captivity does not necessarily impact sociality, but shows that captive-bred adults have

16 507  much poorer survival outcomes compared to birds released as juveniles. This could imply

19 508  some sort of critical learning period with significant carry over effects on fitness. These

21 5og findings highlight the need to investigate the impacts of different management strategies
510  on post-release and first-migration survival. The equivalent migration survival rates of

26 511 captive and wild juveniles (Bussolini et al., 2023a) support the idea that releasing juveniles is
512  aviable strategy for supporting long-term population growth in this species compared with
31 513  releasing captive-bred adults (Pritchard et al., 2021; Stojanovic et al., 2023). However, the
514  contribution of released captive-bred adults has been crucial to preventing the extinction of
36 515 this species by increasing breeding in the wild (Stojanovic et al., 2020). Managers must

38 516  balance the risks and benefits of both management strategies (Stojanovic et al., 2023).

517 Overall, captivity can impact both social behaviour and individual fitness, and this

44 518 information can help recovery programs improve post-release survival and grow

46 519 threatened populations. We have demonstrated how social network analysis can be applied
49 520 incomplexreintroductions scenarios to understand the consequences of social interactions
51 521 whenanimalsin the population originate from multiple sources and across years. While
522  social metrics did not impact first-migration survival for orange-bellied parrots, differences
56 523 insocial interactions may still have the potential to impact longer-term measures of

524  reintroduction success and thus still warrants further exploration in future.

23
ACV submitted manuscript



coONOUVI A~ WN=

525
526
527
528
529
530

531

532
533
534

535

536
537
538
539

540

541
542
543
544
545

546

ACV: For review purposes only - please do not distribute Page 24 of 48

24

Acknowledgements: We would like to thank all staff employed with the NRE Tasmania
Orange-bellied Parrot Tasmania Program, specifically Rachael Alderman, Paul Black, Clare
Lawrence, and Shannon Troy for assistance with the data. We also thank the many
volunteers who have contributed thousands of hours of their time to the Orange-bellied
Parrot program and ongoing monitoring efforts. We thank two anonymous reviewers for
their helpful thoughts and suggestions which improved this manuscript. We acknowledge

the traditional custodians of country upon which this research was conducted.

Author contribution statement: L.T.B, D.S., and V.F conceptualized the study. L.T.B.
analysed the data with support from V.F and D.S. L.T.B. drafted the initial manuscript with
input from all authors and supervision from R.H. and D.S. All authors contributed to editing

and reviewing the final manuscript.

Data availability statement: Data were provided through a research agreement with the
Department of Natural Resources and Environment Tasmania Orange-bellied Parrot
Tasmanian Program (https://nre.tas.gov.au/conservation/threatened-species-and-
communities/lists-of-threatened-species/threatened-species-vertebrates/orange-bellied-

parrot/the-obp-tasmanian-program) and are used with permission.

Disclosure statement: L.T.B. is currently employed with the Tasmanian Government
(NRE) Orange-bellied Parrot Tasmanian Program. No other potential conflicts of interest
were reported by the authors.

Funding statement: Funding was provided to L.T.B. through an Australian Government
Research Training Program Scholarship. This research did not receive any specific grant

from funding agencies in the public, commercial, or not-for-profit sectors.

24
ACV submitted manuscript



Page 25 of 48 ACV: For review purposes only - please do not distribute

1 =
2

i 5,7 References

5

? 548  Beck, K. B., Farine, D. R. & Kempenaers, B. (2021). Social network position predicts male

8 549 mating success in a small passerine. Behavioral ecology 32, 856.

9 550  Berger-Tal, O., Blumstein, D. T. & Swaisgood, R. R. (2019). Conservation translocations: a
:? 551 review of common difficulties and promising directions. Animal Conservation 23,

12 552 121.

13 553  BirdLife Australia (2020). A stocktake of recovery activities undertaken for the Orange-

14 554 bellied Parrot (Neophema chrysogaster). BirdLife Australia (Ed.): Department of the
15 555 Environment and Energy.

:? 556  Birdlife International (2018a). Neophema chrysogaster. In The IUCN Red List of Threatened
18 557 Species 2018: eT22685203A130894893). 13 July 2021. 10.2305/IUCN.UK.2018-

19 558 2.RLTS.T22685203A130894893.en.

20 559  BirdLife International (2018b). State of the world's birds: taking the pulse of the planet.

;; 560 Allinson, T. (Ed.). Cambridge, UK: BirdLife International.

»3 561 Boogert, N.J., Farine, D. R. & Spencer, K. A. (2014a). Developmental stress predicts social
24 562 network position. Biology Letters 10, 20140561.

25 563 Boogert, N. J., Nightingale, G. F., Hoppitt, W. & Laland, K. N. (2014b). Perching but not

26 gy foraging networks predict the spread of novel foraging skills in starlings. Behavioural
% 565 processes 109 Pt B, 135.

59 566  Boogert, N.J.,, Reader, S. M., Hoppitt, W. & Laland, K. N. (2008). The origin and spread of
30 567 innovations in starlings. Animal Behaviour 75, 1509.

31 568  Brakes, P., Carroll, E. L., Dall, S. R. X., Keith, S. A., McGregor, P. K., Mesnick, S. L., Noad, M.
gg 569 J., Rendell, L., Robbins, M. M., Rutz, C., Thornton, A., Whiten, A., Whiting, M. J.,

34 570 Aplin, L. M., Bearhop, S., Ciucci, P., Fishlock, V., Ford, J. K. B., Notarbartolo di

35 571 Sciara, G., Simmonds, M. P., Spina, F., Wade, P. R., Whitehead, H., Williams, J. &

36 572 Garland, E. C. (2021). A deepening understanding of animal culture suggests lessons
37 573 for conservation. Proceedings of the Royal Society of London. Series B: Biological

;S 574 Sciences 288, 20202718.

40 575 Brakes, P, Dall,S.R.X,, Aplin, L. M., Bearhop, S., Carroll, E. L., Ciucci, P., Fishlock, V. c.,

41 576 Ford, J. K. B., Garland, E. C., Keith, S. A., McGregor, P. K., Mesnick, S. L., Noad, M.
42 577 J., Sciara, G. N. d., Robbins, M. M., Sinunonds, M. P., Spina, F., Thornton, A., Wade,
Z‘i 578 P. R., Whiting, M. J., Williams, J., Rendell, L., Whitehead, H., Whiten, A. & Rutz, C.
45 579 (2019). Animal cultures matter for conservation: Understanding the rich social lives
46 580 of animals benefits international conservation efforts. Science (American Association
47 581 for the Advancement of Science) 363, 1032.

48 58>  Brandl, H.B., Farine, D. R., Funghi, C., Schuett, W. & Griffith, S. C. (2019). Early-life social
23 583 environment predicts social network position in wild zebra finches. Proceedings of
51 584 the Royal Society of London. Series B: Biological Sciences 286, 20182579.

52 585  Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, C. W., Nielsen, A.,
53 586 Skaug, H. J., Maechler, M. & Bolker, B. M. (2017). glmmTMB Balances speed and

g: 587 flexibility among packages for zero-inflated generalized linear mixed modeling. The
s 588 R Journal g, 378.

57 589  Brown, P.B. & Wilson, R. |. (1980). A survey of the orange-bellied parrot (Neophema

58 590 chrysogaster) in Tasmania, Victoria, and South Australia.): World Wildlife Fund.

59 591 Brown, P. B. & Wilson, R. I. (1981). A survey of the orange-bellied parrot (Neophema

25
ACV submitted manuscript



coONOUVL A~ WN=

592
593
594
595
596
597
598

599
600

601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638

ACV: For review purposes only - please do not distribute Page 26 of 48

26

chyrsogaster) in Tasmania, Victoria, and South Australia.): World Wildlife Fund.

Burnham, K. P. & Anderson, D. R. (2002). Model selection and multimodel inference: a
practical information-theoretic approach. 2nd edn. New York: Springer.

Burnside, R. J., Collar, N. J. & Dolman, P. M. (2017). Comparative migration strategies of
wild and captive-bred Asian Houbara Chlamydotis macqueenii. Ibis 159, 374.
Bussolini, L. T., Crates, R., Herrod, A., Magrath, M. J. L., Troy, S. & Stojanovic, D. (2023a).
Carry-over effects of nestling physical condition predict first-year survival of a

critically endangered migratory parrot. Animal Conservation.

Bussolini, L. T., Crates, R., Magrath, M. J. L. & Stojanovic, D. (2023b). Identifying factors
affecting captive breeding success in a critically endangered species. Emu - Austral
Ornithology 123, 161.

Castles, M., Heinsohn, R., Marshall, H. H., Lee, A. E. G., Cowlishaw, G. & Carter, A. J. (2014).
Social networks created with different techniques are not comparable. Animal
Behaviour 96, 59.

Crates, R., Rayner, L., Stojanovic, D., Webb, M. & Heinsohn, R. (2017). Undetected Allee
effects in Australia’s threatened birds: implications for conservation. Emu - Austral
Ornithology 117, 207.

Crates, R., Stojanovic, D. & Heinsohn, R. (2022). The phenotypic costs of captivity.
Biological Reviews.

Csardi, G. & Nepusz, T. (2006). The igraph software package for complex network research.
InterJournal, 1695,

Dall, S. R. & Wright, J. (2009). Rich pickings near large communal roosts favor 'gang'
foraging by juvenile common ravens, Corvus corax. PloS one 4, e4530.

DELWP (2016). National recovery plan for the Orange-bellied Parrot Neophema
chrysogaster. Pritchard, R. (Ed.). Canberra, Australia: Department of Enviornment
Land Water and Planning.

Dunston, E. J., Abell, J., Doyle, R. E., Kirk, J., Hilley, V. B., Forsyth, A., Jenkins, E. & Freire, R.
(2017). An assessment of African lion Panthera leo sociality via social network
analysis : prerelease monitoring for an ex situ reintroduction program. Current
zoology 63, 301.

Elgar, M. A. (21989). Predator vigilance and group size in mammals and birds: a critical
review of the empirical evidence. Biological Reviews 64, 13.

Farine, D. R. (2013). Animal Social Network Inference and Permutations for Ecologists in R
using asnipe. Methods in Ecology and Evolution 4, 1187.

Farine, D. R. (2016). assortnet: Calculate the assortativity coefficient of weighted and
binary networks. R Package. version 0.1.2.

Farine, D. R. (2017). A guide to null models for animal social network analysis. Methods in
Ecology and Evolution 8, 1309.

Farine, D. R., Aplin, L. M., Sheldon, B. C. & Hoppitt, W. (2015a). Interspecific social
networks promote information transmission in wild songbirds. Proceedings of the
Royal Society of London. Series B: Biological Sciences 282, 20142804

Farine, D. R., Whitehead, H. & Altizer, S. (2015b). Constructing, conducting and
interpreting animal social network analysis. The Journal of animal ecology 84, 114+,

Firth, J. A. & Sheldon, B. C. (2015). Experimental manipulation of avian social structure
reveals segregation is carried over across contexts. Proceedings of the Royal Society
of London. Series B: Biological Sciences 282.

Firth, J. A., Voelkl, B., Crates, R. A., Aplin, L. M., Biro, D., Croft, D. P. & Sheldon, B. C.

26
ACV submitted manuscript



Page 27 of 48 ACV: For review purposes only - please do not distribute

1 27
2

431 639 (2017). Wild birds respond to flockmate loss by increasing their social network

5 640 associations to others. Proceedings of the Royal Society of London. Series B:

6 641 Biological Sciences 284, 20170299.

7 642  Fischer, J. & Lindenmayer, D. B. (2000). An assessment of the published results of animal

8 643 relocations. Biological Conservation g6, 1.

190 644  Formica, V. A., Wood, C. W., Larsen, W. B., Butterfield, R. E., Augat, M. E., Hougen, H. Y. &
11 645 Brodie, E. D., 3rd (2012). Fitness consequences of social network position in a wild
12 646 population of forked fungus beetles (Bolitotherus cornutus). Journal of Evolutionary
13 647 Biology 25, 130.

14 648  Franks, D. W., Ruxton, G. D. & James, R. (2010). Sampling animal association networks with

16 049 the gambit of the group. Behavioral Ecology and Sociobiology 64, 493.

17 650  Franks, D. W., Weiss, M. N., Silk, M. J., Perryman, R. J. Y., Croft, D. P. & Graham, L. (2020a).
18 651 Calculating effect sizes in animal social network analysis. Methods in Ecology and

19 652 Evolution 12, 33.

;? 653  Franks, V.R., Andrews, C. E., Ewen, J. G., McCready, M., Parker, K. A. & Thorogood, R.

5 654 (2020b). Changes in social groups across reintroductions and effects on post-release
23 655 survival. Animal Conservation 23, 443.

24 656  Franks, V.R., Ewen, J. G., McCready, M., Rowcliffe, J. M., Smith, D. & Thorogood, R.

25 65y (2020c¢). Analysing age structure, residency and relatedness uncovers social network
26 . . . . .

57 658 structure in aggregations of young birds. Animal Behaviour 166, 73.

28 659  Goldenberg, S.Z., Owen, M. A,, Brown, J. L., Wittemyer, G., Oo, Z. M. & Leimgruber, P.

29 660 (2019). Increasing conservation translocation success by building social functionality
30 661 in released populations. Global ecology and conservation 18.

g; 662  Harrison, X. A., Blount, J. D, Inger, R., Norris, D. R. & Bearhop, S. (2011). Carry-over effects
33 663 as drivers of fitness differences in animals. Journal of Animal Ecology 8o, &.

34 664 Hartig, F. (2022). DHARMa: Residual diagnostics for hierarchical (multi-level/mixed)

35 665 regression models. R package. version 0.4.5.

:? 666  Heinsohn, R., Buchanan, K. L. & Joseph, L. (2018). Parrots move to centre stage in

3 067 conservation and evolution. Emu - Austral Ornithology 118, 1.

39 668 Higgins, P.J. (Ed.) (1999) Handbook of Australian, New Zealand and Antarctic Birds. Volume
40 669 4: Parrots to Dollarbird, Melbourne, Oxford University Press.

41 670 IUCN/SSC (2013). Guidelines for Reintroductions and Other Conservation Translocations.).
g 671 Gland, Switzerland: IUCN Species Survival Commision.

a0 672 Jule, K.R., Leaver, L. A. & Lea, S. E. G. (2008). The effects of captive experience on

45 673 reintroduction survival in carnivores: A review and analysis. Biological Conservation
46 674 141, 355.

j; 675 Langley, E. J. G., Horik, J. O., Whiteside, M. A., Beardsworth, C. E., Weiss, M. N., Madden, J.
a9 676 R. & Dingemanse, N. (2020). Early-life learning ability predicts adult social structure,
59 677 with potential implications for fitness outcomes in the wild. Journal of Animal

51 678 Ecology 89, 1340.

52 679 Langley, E.J. G., van Horik, J. O., Whiteside, M. A., Beardsworth, C. E. & Madden, J. R.

gi 680 (2018). The relationship between social rank and spatial learning in pheasants,

55 681 Phasianus colchicus: cause or consequence? Peer) 6, e5738.

56 682 Lees, A.C., Haskell, L., Allinson, T., Bezeng, S. B., Burfield, I. J., Renjifo, L. M., Rosenberg,
57 683 K. V., Viswanathan, A. & Butchart, S. H. M. (2022). State of the World's Birds.

gg 684 Annual Review of Environment and Resources 47, 231.

685  Lenth, R. V. (2021). emmeans: Estimated marginal means, aka least-squares means. R

27
ACV submitted manuscript



coONOUVL A~ WN=

686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732

ACV: For review purposes only - please do not distribute Page 28 of 48

28

package. version 1.5.5-1.

Lidecke, D., Ben-Shachar, M. S., Patill, I., Waggoner, P. & Makowski, D. (2021).
performance: An R package for Assessment, Comparison and Testing of Statistical
Models. Journal of Open Source Software 6, 3139.

Mason, G., Burn, C. C., Dallaire, J. A., Kroshko, J., McDonald Kinkaid, H. & Jeschke, J. M.
(2013). Plastic animals in cages: behavioural flexibility and responses to captivity.
Animal Behaviour 85, 1113.

McKinnon, E. A., Fraser, K. C., Stanley, C. Q. & Stutchbury, B. J. (2014). Tracking from the
tropics reveals behaviour of juvenile songbirds on their first spring migration. PloS
one 9, €105605.

Morris, S. D., Brook, B. W., Moseby, K. E. & Johnson, C. N. (2021). Factors affecting success
of conservation translocations of terrestrial vertebrates: A global systematic review.
Global ecology and conservation 28.

Morrison, C. E., Johnson, R. N., Grueber, C. E. & Hogg, C. J. (2020). Genetic impacts of
conservation management actions in a critically endangered parrot species.
Conservation Genetics 21, 869.

Moseby, K. E., Blumstein, D. T., Letnic, M. & West, R. (2020). Choice or opportunity: are
post-release social groupings influenced by familiarity or reintroduction protocols?
Oryx 54, 215.

Mueller, T., O'Hara, R. B., Converse, S. J., Urbanek, R. P. & Fagan, W. F. (2013). Social
Learning of Migratory Performance. Science (American Association for the
Advancement of Science) 341, 999.

Murphy, D., Mumby, H. S., Henley, M. D. & Griffin, A. (2019). Age differences in the
temporal stability of a male African elephant (Loxodonta africana) social network.
Behavioral ecology.

Newman, M. E. J. (2003). Mixing patterns in networks. Physical review. E, Statistical,
nonlinear, and soft matter physics 67, 026126.

Parker, K. A., Anderson, M. J., Jenkins, P. F. & Brunton, D. H. (2012). The effects of
translocation-induced isolation and fragmentation on the cultural evolution of bird
song. Ecology Letters 15, 778.

Pritchard, R. A, Kelly, E. L., Biggs, J. R., Everaardt, A. N., Loyn, R., Magrath, M. J. L.,
Menkhorst, P., Hogg, C. J. & Geary, W. L. (2021). Identifying cost-effective recovery
actions for a critically endangered species. Conservation Science and Practice 4.

R Core Team (2023). R: A language and environment for statistical computing. R
Foundation for Statistical Computing. version 4.3.0.

Riehl, C. & Strong, M. J. (2018). Stable social relationships between unrelated females
increase individual fitness in a cooperative bird. Proceedings of the Royal Society of
London. Series B: Biological Sciences 285,

Rosenberg, K. V., Dokter, A. M., Blancher, P. J., Sauer, J. R., Smith, A. C., Smith, P. A,
Stanton, J. C., Panjabi, A., Helft, L., Parr, M. & Marra, P. P. (2019). Decline of the
North American avifauna. Science 366, 120.

Schubert, K. A., Mennill, D. J., Ramsay, S. M., Otter, K. A,, Boag, P. T. & Ratcliffe, L. M.
(2007). Variation in social rank acquisition influences lifetime reproductive success in
black-capped chickadees. Biological Journal of the Linnean Society 9o, 85.

Seddon, P. J., Armstrong, D. P. & Maloney, R. F. (2007). Developing the Science of
Reintroduction Biology. Conservation Biology 21, 303.

Sergio, F., Tanferna, A., De Stephanis, R., Jimenez, L. L., Blas, J., Tavecchia, G., Preatoni, D.

28
ACV submitted manuscript



Page 29 of 48 ACV: For review purposes only - please do not distribute

1 29
2
431 733 & Hiraldo, F. (2014). Individual improvements and selective mortality shape lifelong
5 734 migratory performance. Nature 515, 410.
6 735  Shannon, G., Slotow, R., Durant, S. M., Sayialel, K. N., Poole, J., Moss, C. & McComb, K.
7 736 (2013). Effects of social disruption in elephants persist decades after culling.
8 737 Frontiers in zoology 10, 1.
?o 738  Shier, D. M. (2006). Effect of family support on the success of translocated black-tailed
11 739 prairie dogs. Conservation Biology 20, 1780.
12 740 Smales, |., Brown, P., Menkhorst, P., Holdsworth, M. & Holz, P. (2000). Contribution of
13 742 captive management of Orange-bellied parrots to the recovery programme for the
:g 742 species in Australia. International Zoo Yearbook 37, 171.
16 743  Snijders, L., Blumstein, D. T., Stanley, C. R. & Franks, D. W. (2017). Animal social network
17 744 theory can help wildlife conservation. Trends in ecology & evolution 32, 567.
18 745  Snyder, N.F.R., Koenig, S. E., Koschmann, J., Snyder, H. A. & Johnson, T. B. (1994). Thick-
19 746 Billed Parrot Releases in Arizona. The Condor 96, 845.
g? 747  Sosa, S., Jacoby, D. M. P., Lihoreau, M. & Sueur, C. (2021). Animal social networks: Towards
2 748 an integrative framework embedding social interactions, space and time. Methods
23 749 in Ecology and Evolution 12, 4.
24 750  Sosa, S., Sueur, C., Puga-Gonzalez, |. & Poisot, T. (2020). Network measures in animal
;Z 751 social network analysis: Their strengths, limits, interpretations and uses. Methods in
57 752 Ecology and Evolution 12, 10.
28 753  Spiezio, C., Valsecchi, V., Sandri, C. & Regaiolli, B. (2018). Investigating individual and social
29 754 behaviour of the Northern bald ibis (Geronticus eremita): behavioural variety and
30 755 welfare. Peer) 6, e5436.
g; 756  Stojanovic, D., Alves, F., Cook, H., Crates, R., Heinsohn, R., Peters, A., Rayner, L., Troy, S.
33 757 N. & Webb, M. H. (2017). Further knowledge and urgent action required to save
34 758 Orange-bellied Parrots from extinction. Emu - Austral Ornithology 118, 126.
35 759  Stojanovic, D., Hogg, C. J., Alves, F., Baker, G. B., Biggs, J. R., Bussolini, L., Carey, M. J.,
:? 760 Crates, R., Magrath, M. J. L., Pritchard, R., Troy, S., Young, C. M. & Heinsohn, R.
;g 761 (2023). Conservation management in the context of unidentified and unmitigated
39 762 threatening processes. Biodiversity and Conservation.
40 763  Stojanovic, D., Neeman, T., Hogg, C. J., Everaardt, A., Wicker, L., Young, C. M., Alves, F.,
41 464 Magrath, M. J. L. & Heinsohn, R. (2021). Differences in wing shape of captive,
g 765 critically endangered, migratory orange-bellied parrots Neophema chrysogaster
40 766 relative to wild conspecifics. Emu - Austral Ornithology, 1.
45 767  Stojanovic, D., Potts, J., Troy, S., Menkhorst, P., Loyn, R. & Heinsohn, R. (2020). Spatial
46 768 bias in implementation of recovery actions has not improved survival of Orange-
3; 769 bellied Parrots Neophema chrysogaster. Emu - Austral Ornithology 120, 263.
ag 770 Swift, K. N. & Marzluff, J. M. (2015). Wild American crows gather around their dead to learn
50 771 about danger. Animal Behaviour 109, 187.
51 772 Thorogood, R., Kokko, H. & Mappes, J. (2018). Social transmission of avoidance among
52 773 predators facilitates the spread of novel prey. Nature Ecology & Evolution 2, 254.
gi 774 Troy, S. & Lawrence, C. (2022). Report on the Melaleuca wild population 2021/22.
55 775 Tasmanian Orange-bellied parrot program (Ed.): Department of Natural Resources
56 776 and Environment Tasmania.
57 777  Turner, J. W., Robitaille, A. L., Bills, P. S., Holekamp, K. E. & Farine, D. (2021). Early-life
8 48 relationships matter: Social position during early life predicts fitness among female
gg 779 spotted hyenas. Journal of Animal Ecology 90, 183.

29

ACV submitted manuscript



coONOUVL A~ WN=

780
781
782
783
784
785
786
787
788

790
791
792
793
794
795
796
797
798
799

800

801

ACV: For review purposes only - please do not distribute Page 30 of 48

30

VanderWerf, E. A., Crampton, L. H., Diegmann, J. S., Atkinson, C. T. & Leonard, D. L.
(2014). Survival estimates of wild and captive-bred released Puaiohi, an endangered
Hawaiian thrush. The Condor 116, 609.

Verhoeven, M. A,, Loonstra, A. H. J., McBride, A. D., Kaspersma, W., Hooijmeijer, J., Both,
C., Senner, N. R. & Piersma, T. (2022). Age-dependent timing and routes
demonstrate developmental plasticity in a long-distance migratory bird. Journal of
Animal Ecology 91, 566.

Villers, A., Millon, A., Jiguet, F., Lett, J.-M., Attie, C., Morales, M. B. & Bretagnolle, V.
(2010). Migration of wild and captive-bred Little Bustards Tetrax tetrax: releasing
birds from Spain threatens attempts to conserve declining French populations. /bis
152, 254.

Weiss, M. N., Franks, D. W., Brent, L. J. N, Ellis, S., Silk, M. J. & Croft, D. P. (2021). Common
datastream permutations of animal social network data are not appropriate for
hypothesis testing using regression models. Methods Ecol Evol 12, 255.

White, T. H., Collar, N. J., Moorhouse, R. J., Sanz, V., Stolen, E. D. & Brightsmith, D. J.
(2012). Psittacine reintroductions: Common denominators of success. Biological
Conservation 148, 106.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. R package. version 3.3.6.

Wright, J., Stone, R. E. & Brown, N. (2003). Communal Roosts as Structured Information
Centres in the Raven, Corvus corax. Journal of Animal Ecology 72, 1003.

30
ACV submitted manuscript



Page 31 of 48 ACV: For review purposes only - please do not distribute

31
go3 Tables and Figures

804  Table 1: List of models and AIC values for all models of a) standardised ranked strength, b)

coONOUVL A~ WN=

9 805 eigenvector centrality, c) individual coefficient of variation (CV), and d) first-migration survival.
12 806  Allmodels included the mean-centred number of observations as a fixed effect and year as a

14 8oy random effect. Models a-c also include individual ID as a random effect The preferred models

:? 808  foreach response variable are highlighted in bold. Full model estimates are presented in

18

19 809  Supplementary Material.

20

21

22 810

23

24

25 a) Fixed Effects df AIC A AIC R2. R2,,

26

27 Provenance * age class * release status | 10 -587.405 0.000 0.832 | 0.752

28 ‘4; + number of observations

29 c

30 g Age class + number of observations 6 -573.797 13.609 0.833 0.737

31 5

32 E Number of observations 5 -477.712 109.693 | 0.792 | 0.719

33 &

34 g Provenance + number of observations 6 -476.088 111.317 0.792 0.721
(%

:g % Release status + number of observations | 6 -475.943 111.462 | 0.792 | 0.720
S

37 2 Sex + number of observations 6 -475.749 111.656 | 0.793 0.719

38 ]

39 & Null 4 -32.057 555.348 | 0.347 | 0.000

40

41

42 b) Fixed Effects df AIC A AIC R2, R2,,

43

44 Provenance * age class * release status | 10 -713.638 0.000 0.858 | 0.771

45 + number of observations

46 >

47 ‘_i Age class + number of observations 6 -710.276 3.361 0.861 | 0.759

48 ]

49 % Number of observations 5 -522.340 191.298 | 0.793 | 0.706

50 —

51 % Sex + number of observations 6 -520.737 192.900 | 0.793 | 0.708
()]

gg 2 Provenance + number of observations 6 -520.422 193.216 | 0.794 | 0.705
()

g;‘ E Release status + number of observations | 6 -520.352 193.286 | 0.793 0.707

56 Null 4 -49.947 663.691 | 0.410 | 0.000

57

58

59 9] Fixed Effects df AIC A AIC R2, R2,,

60
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32
Age class + number of observations 6 -81.288 0.000 0.293 | 0.200
Provenance * age class * release status + | 10 -74.608 6.680 0.297 | 0.201
number of observations
>
L Number of observations 5 -73-348 7-941 0.275 | 0.186
©
=)
.'g Provenance + number of observations 6 -72.157 9.131 0.293 | 0.200
E Sex + number of observations 6 -72.069 9.219 0.278 | 0.187
Release status + number of observations | 6 -71.501 9.788 0.274 | 0.186
Null 4 45.077 126.366 | 0.115 | 0.000
d) Fixed Effects df AIC A AIC R2, R2,
Provenance * age class * release status | 6 467.813 0.000 0.080 | 0.080
+ number of observations
- Provenance * age class * release status * | 10 471.487 3.673 0.102 0.102
> . . .
S individual CV + number of observations
2
2 Provenance * age class * release status 10 473-471 5.658 0.088 | 0.088
2 *standardised ranked strength + number
© .
5 of observations
f Provenance * age class * release status * | 10 474.125 6.312 0.089 | 0.08g
.‘é' eigenvector centrality+ number of
observations
Null 2 477.547 9.733 0.002 | 0.000
32
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Figure 1: Model estimates (points) and 95% confidence intervals for A. standardised ranked

strength, and B. eigenvector centrality as a function of provenance x age class x release status

, C.individual CV as a function of age class, and D. first migration survival as a function of
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34

provenance x age class. A-C: Number of observations has been included as a fixed effect, while
year and individual ID have been included as random effects in all models. Density curves
show the distribution of the raw data. D: First-migration survival analysis includes both
captive and wild adults released in spring and all juveniles. Year has been added as a random

effect. Points show the raw data and have been vertically offset to improve visualisation.
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Figure 2: coefficient of assortment (points) between different demographic cohorts
(provenance x age class x release status) for each season compared against 95% range of
assortment coefficients calculated from 10,000 random permutations of the data (error bars).
This shows a high degree of preferential assortment between demographic cohorts, as the

assortment coefficient is well above the range expected by chance.
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832  Figure 3: an orange-bellied parrot social network for a six-week period in early 2016. Nodes
833  (points) represent individual birds and are coloured based on demographic cohorts. Edges
834  (lines) represent co-occurrence in a group, with edge width proportional to the number of co-
835  occurrences and coloured based on age class. This network plotted with a Fruchterman-

836  Reingold layout.
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Effects of age and captivity on the social structure and
migration survival of a critically endangered bird

Supplementary Materials

Table S1: a) Descriptions of each demographic cohort classified by an individuals’
provenance (‘wild’ or ‘captive’), age class (‘adult’ or ‘juvenile’), and release status (‘arrived’
or ‘released’), along with sample sizes for analysis of both social metrics (including
standardised ranked strength, eigenvector centrality, and assortment) and first migration
survival. B) Sample sizes for the number of adults and the number of juveniles included in
the CV analysis. The calculation of individual CV was done using an expanded dataset and
the preferred model only included the single term of age class.

a.)
Cohort Definition: n - social n — survival analysis
analysis
Wild — adult - Adult bird hatched in the wild | 108 Excluded from survival
arrived (WAA) who arrived from migration. analysis as successfully
completed previous
migration(s).
Captive —adult— | Captive-bred adult bird who 37 Excluded from survival
arrived (CAA) arrived from migration; analysis as successfully
released in a previous year. completed previous
migration(s).
Wild — adult - Wild-born bird who fledged 21 17
released (WAR) from a wild nest and lived as a
wild juvenile for several weeks
before being captured and
held in captivity over the
winter period as part of
management strategies
(*head-started’). These birds
were released the following
spring as adults.
Captive —adult— | Captive-bred adult birds 85 69
released (CAR) released in spring.
Wild — juvenile - | Wild-born juveniles. All wild 215 186
arrived (WJA) juveniles arrived into the
population by definition.
Captive —juvenile | Captive-bred juveniles 124 124
—released (CJR) released in late autumn. All
captive-bred juveniles are
released by definition.
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396

| Totals: | 590
b)
Age class Sample size for CV analysis
Adult 251
Juvenile 343
Total 594
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Table S2: Model estimates and 95% confidence levels (CL) for the preferred models for a)

ACV: For review purposes only - please do not distribute

standardized ranked strength, b) eigenvector centrality, ) individual coefficient of variation (CV),

and d) first migration survival. Model estimates have been back transformed from the logit (a, b, d)
scale. All models include the mean-centred number of observations as a fixed effect, with year and
individual ID as a random effect.

a) Provenance * age class * release Model SE df Lower Upper
status estimate CL CL
° Wild - adult - arrived 0.489 0.033 | 580 0.426 0.553
v
E - Captive - adult - arrived 0.528 0.041 | 580 0.448 0.607
'§ "éw Wild - adult - released 0.454 0.050 | 580 0.358 0.553
"g g Captive - adult - released 0.422 0.033 | 580 0.358 0.488
-‘gu Wild - juvenile - arrived 0.629 0.026 | 580 0.576 0.679
& Captive - juvenile - released 0.705 0.026 | 580 0.652 0.754
b) Provenance * age class * release Model SE df Lower Upper
status estimate CL CL
Wild - adult - arrived 0.413 0.030 | 580 0.355 0.473
5 o Captive - adult - arrived 0.459 0.038 | 580 0.386 0.535
)
§ % Wild - adult - released 0.420 0.046 | 580 0.333 0.512
§1 E Captive - adult - released 0.390 0.030 | 580 0.332 0.450
4]
u Wild - juvenile - arrived 0.636 0.025 | 580 0.586 0.683
Captive - juvenile - released 0.690 0.025 | 580 0.639 0.738
Model Lower Upper
<) Age class estimate SE df CL CL
'_g Adult 0.567 0.015 583 0.538 0.596
S >
2V
E Juvenile 0.506 0.012 583 0.482 0.530
d) Provenance * age class * release Model SE df Lower Upper
) status estimate CL CL
Wild - adult - released 0.481 0.123 | 390 0.261 0.708
s
E T; Captive - adult - released 0.115 0.039 | 390 | 0.0586 0.215
o .=
=S
E o
& a | wild - juvenile - arrived 0.343 0.035 | 390 0.278 0.415
=
Captive - juvenile - released 0.266 0.040 | 390 0.195 0.351
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Permutations: Eigenvector centrality

Captive Adult Arrived Captive Adult Released Captive Juvenile
3004 p =0.025 p =0.007 p =0.020
200+
100+
L 0 1
=
g Wild Adult Arrived Wild Adult Released Wild Juvenile
300- p = 0.001 p =0.008 p = 0.004
200+
100+
O -
0 3 6 0 3 6 0 3 6
z-values

Figure Sa1: Histograms showing 1000 model test statistics (z-values) generated from

randomised networks (grey) against the model test statistic generated from the actual data

(red line) for eigenvector centrality. Corresponding p-values are shown on each plot.
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Permutations: Standardized ranked strength

Captive Adult Arrived Captive Adult Released Captive Juvenile
300+ p =0.008 p = 0.002 p = 0.369
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Figure S2: Histograms showing 1000 model test statistics (z-values) generated from
randomised networks (grey) against the model test statistic generated from the actual data
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(red line) for standardised ranked strength. Corresponding p-values are shown on each plot.
Permutations: Individual CV

Adult Juvenile

800-

600+ p = 0.565 p=0.010
§4oo-
O
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O_

0 10 20 30 40 0 10 20 30 40
z-values

Figure S3: Histograms showing 1000 model test statistics (z-values) generated from
randomised networks (grey) against the model test statistic generated from the actual data
(red line) for individual CV. Corresponding p-values are shown on each plot.
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Table S3: Mixing matrices for assortment by demographic cohorts for each breeding season
(2014/15 — 2020/21) showing the distribution of edge weights (% of total) between each group from
the simple-ratio index weighted network. The tables are symmetric, therefore only half the values
are shown. Cohorts are abbreviated by provenance (‘wild’ or ‘captive’), age class (‘adult’ or ‘juvenile’)
and release status (‘arrived’ or ‘released’).

14/15 WAA CAA CAR WIA ai
WAA 0.166 - - - -

CAA 0.037  0.013 - - -
CAR 0.093 0.036 0.122 - -

WIJA 0.040 0.015  0.072 0.117 -

bi 0.336 0.100 0.322  0.243  1.000

15/16 WAA CAA CAR WIJA ai
WAA 0.088 - - - -

CAR 0.042  0.007 - - -
CAA 0.005  0.000  0.007 - -

WIA 0.064 0.013 0.088 0.440 -

bi 0.199 0.026 0.169 0.605 1.000

16/17 WAA CAR WIA ai
WAA 0.049 - - -
CAR 0.064 o0.160 - -

WIJA 0.048 0.160 0.248 -

bi 0.161 0.384 0.455  1.000

17/18 WAA CAA CAR WIA CJR ai

WAA 0.037 - - - - -
CAA 0.003  0.000 - - - -
CAR 0.022  0.003  0.041 - - -

WIA 0.022  0.004  0.073 0.270 - -

CJR 0.006 0.001 0.034 0.114 0.089 -
bi 0.089 0.010 0.174 0.483 0.243 1.000
18/19 WAA CAA WAR CAR WIJA CJR ai
WAA 0.019 - - - - - -
CAA 0.001  0.001 - - - - -

WAR 0.013  0.004  0.009 - - - -
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CAR 0.017 0.005 0.018  0.027 - - -
WIA 0.021 0.009 0.029 0.059  0.251 - -
CJR 0.006 0.005 0.008 0.021 0.106 0.047 -
bi 0.078 0.024 0.081 0.148 0.476 0.193  1.000
19/20 WAA CAA WAR CAR WJIA CJR ai
WAA 0.012 - - - - - -
CAA 0.006  0.004 - - - - -
WAR 0.014 0.006  0.013 - - - -
CAR 0.005 0.003 0.004 0.001 - - -
WIJA 0.007 0.010 0.007 0.008 0.112 - -
CJR 0.024 0.021 0.034 0.019 0.132 0.258 -
bi 0.068 0.050 0.078 0.040 0.275 0.488 1.000
20/21 WAA CAA CAR WIA CJR ai
WAA 0.015 - - - - -
CAA 0.013 0.013 - - - -
CAR 0.009 0.008  0.007 - - -
WIA 0.026  0.030 0.029  0.244 - -
CJR 0.014 0.018 0.018 0.140 0.111 -
bi 0.077 0.082 0.072 0.469 0.302 1.000
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Figure S4: map of historic and current orange-bellied parrot distribution (insert), and location of
supplementary feeding tables in the Melaleuca area (main). Orange-bellied parrots have bred
exclusively in the Melaleuca valley since the late 2000's.
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10

Figure Ss: a) orange-bellied parrots at a feed table at Melaleuca, where supplemental food is
provided throughout the breeding season (photo credit: Dave Watson
https://www.flickr.com/photos/183228396 @No5/49535645158/). b)Volunteers monitor the feed
tables for four hours each day (photo credit: NRE Tas), and c) record whether an individual bird is
present or absent in each 15-minute increment (photo credit: LTB). Birds are identified via unique
band combination, and only birds that land on the table as recorded as present.
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Figure S6: an example of the population fluctuations seen in the orange-bellied parrot
population from week to week from 13 January — 6 April 2021. Adults are shown in red,
juveniles in blue. Numbers represent the total number of unique individual birds in each
group detected at a feed table in a given week. This year was chosen as an example to
highlight the variation in the population and why the social network analysis was limited to
a six-week period.
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Figure S7: Correlation between standardised ranked strength and eigenvector centrality;
these two values are highly correlated with a correlational coefficient of 0.943 (95% Cl:
0.934 — 0.952). Both metrics are bound between ‘o’ and '1'; points show raw data for
individual birds.
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