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Abstract: Despite advancements through satellite telemetry, knowledge of the behaviour and ecology
of large raptors during natal dispersal is still poor, even though this transience phase is important in
understanding the population dynamics and conservation of these keystone species. After this phase,
which can take several years, the subsequent rapid transitional event on first territory settlement is
less studied. It apparently occurs earlier without competition from existing territory occupants. The
time of year when young large raptors settle on a territory has rarely been addressed empirically.
Our study of seasonal timing of first settlement used data from 46 golden eagles GPS-tagged as
nestlings in Scotland which were tracked to their first territory settlement, as adjudged by a robust
algorithmic method. We show that when young golden eagles occupied their first territory, their
settlements were uncommon in summer and most common in late winter/spring, but also occurred in
autumn into early winter. The significant seasonal pattern was consistent, regardless of the probable
prior occupancy status (vacant/occupied) of the settled territory (respectively, the likely absence or
presence of defending territorial birds). This showed that seasonal territory settlement was unlikely to
be related to any response from territory occupants. It infers further that seasonality in first territory
settlement was underpinned by innate behaviours in dispersing eagles. Seasonal distribution of
settlement dates was significantly different between sexes, with males more likely to settle in autumn,
predominantly in prior vacant territories. We speculate on potential causative drivers behind our
results and conclude that more research is clearly needed in this field of study.

Keywords: territory occupation; natal dispersal; juvenile dispersal; transience; first breeding; raptor;
bird of prey; population dynamics

1. Introduction

The time between the end of the Post Fledging Dependence Period (PFDP) [1,2] and
first territory settlement [3] is poorly studied in large raptors. This is the phase of natal or
juvenile dispersal [1,4–7] or transience [8–12] hereafter termed natal dispersal.

GPS-based satellite telemetric research has informed many prior knowledge gaps
during natal dispersal for large raptors. Several studies have focussed on movements
during early natal dispersal and, while novel and valuable, have often involved few
individuals [13–19]. This reflects the early exploitation of GPS-telemetry as an investigative
tool and the beginnings of its promissory utility [20–22].

Research surrounding the end of natal dispersal (or the immigration to a breeding
site stage: [12]) is relatively scant, but GPS-telemetry has a potential role in gaining further
information as technology advances and sample sizes improve [3,21,23–25]. This juncture is
when young dispersing birds and/or floaters [23,26–28] shift to a population’s component
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as territory occupants with the prospect or realisation of reproduction. This territorial
component, involving the number of occupants, their survival and their reproductive
output is important in population dynamics [29–33].

The ecology and behaviour of birds during natal dispersal—transient between leaving
the natal site and settling into the prospective breeding population—can nevertheless also
be influential in population dynamics through survival [23,26–28,34]. The factors affecting
how (typically younger) birds shift between being non-territorial during dispersal and
settled territorial should therefore enhance understanding of large raptor populations [23].

Despite limitations on knowledge of the factors affecting this shift, results consistently
indicate that dispersing large raptors can take several years to settle [23,35], but settle when
younger when territories are unlikely to be occupied [3,36]. What is not known, however,
is whether there is any seasonality in such settlements, and, if it exists, how it may happen.

Seasonality may be expected from indirect evidence. Intrusions by floaters into territo-
ries of Spanish imperial eagles Aquila adalberti were not recorded in summer through to
early autumn [37]. In a close relative, the golden eagle Aquila chrysaetos, aggressive encoun-
ters (implying intrusions from non-territorial birds) were most frequent in late winter until
egg-laying and were uncommon later [38,39]. Scottish golden eagles GPS-tracked during
dispersal were less likely to intrude in occupied territories during summer when they were
more likely to use temporary settlement areas (TSAs) [7].

Undulating flight displays of golden eagles may have a dual function of territory
defence and pair-bonding or courtship [40]. In western Norway, most undulating flight
displays occurred in late winter and early spring [41]; this was also recorded in the Outer
Hebrides of Scotland [40], but here there was only a limited drop-off in displays during the
main breeding season. This sub-population, largely discrete from the rest of Scotland [42],
is at high density [43]. Hence, there is likely more pressure from non-territorial floaters on
territory occupants in the Outer Hebrides. Coupled with a lower breeding success rate and
early breeding failures [43,44], the territorial occupants may have greater energetic capacity
and need to display longer.

Prior research on the indicators of non-territorial birds’ devotional efforts to settle
consequently suggests that there may be seasonality in dispersing eagles’ first territory
settlement. This has not been studied explicitly, however, nor has any relationship it may
have with defensive reactions from territorial incumbents [37–39].

Informed primarily by an algorithmic method that estimates the date of first territory
settlement by GPS-tagged nestlings [3], we used telemetric data from 46 golden eagles
GPS-tagged in Scotland to address three questions:

Is there seasonality in the timing of first territory settlement? Based on indications from
previous research, hypothetically, we expected that settlement would be less in summer.

If this expectation is supported, is defensive behaviour from territory occupants
implicated? Insights from seasonal display behaviour and recorded interactions with
intruding non-territorial birds [38–41] may not be too revelatory when, for example, flight
displays may also function beyond territorial defence. In our study population, however,
first territory settlement can occur in territories that beforehand were either vacant or
occupied [3]. Our second expectation (null hypothesis) was that if the first expectation
(less settlement in summer) was supported then this would be regardless of the likely
prior occupancy status of the settled territory (and, hence, any defensive reaction from
incumbents). This followed [7], given the propensity of vacant territories in our study
population [3]. Support for this hypothesis would indicate that any seasonality in young
eagles’ settlement may not be influenced by defensive occupants, and so was effectively
due to the innate behaviours of dispersing eagles.

Is there a difference between sexes in any settlement seasonality? Birds’ behaviour
during natal dispersal is replete with expectations and empirical differences based on
sex [6,21,25,45–49].
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2. Methods
2.1. Study Area and Species

Scotland covers c. 80,000 km2 on the northwestern limit of Europe and hosts around
500 territorial golden eagle pairs occupying Scotland’s uplands [3,43], which are also used
by non-territorial birds [44,50,51]. These uplands vary in geology, vegetation, topography
and climatic influences.

Climatically, situated on the northeastern edge of the Atlantic Ocean, the west of
Scotland is subjected more to the Atlantic Drift and is wetter and windier, with more
equitable seasonal changes in weather and hence is more oceanic. The east is drier, with
greater seasonal changes in weather and is more continental [39,44].

The contrasting oceanic/continental influences tend to produce upland vegetations
which in the east are only found at higher altitudes, but which may occur at sea level in the
west. The preferred open habitats are dry or wet heathland and peatland dominated by
heather Calluna vulgaris and relatives in the east, with graminoids, sedges and deeper peat-
land more common in the west [39,44]. Irrespective of vegetation, a critical habitat factor is
topography. A combination of altitude, slope and distance from ridges—largely surrogates
for orographic wind energy availability—are highly influential in eagle movements and
distribution [51].

The Scottish breeding population is resident and has been isolated from continental
Europe for thousands of years [52]. In some areas of the eastern mainland associated with
intensive management for shooting red grouse Lagopus lagopus scotica, illegal persecution
of golden eagles (being predators of grouse) has created and in some places maintains
many vacant [3,44,50,53,54]. This is in contrast with the west, where persecution appears
minimal in recent history and there is a higher density of occupied territories, even though
productivity here is substantially less than in the fewer eastern territories [39,43,44,54].

Hence, persistent and recent illegal practices in some parts of the east have created
a variable competitive landscape across Scotland, with geographical differences in the
availability of vacant territories and the persistence (turnover) of occupying birds. These
illegal practices have therefore created an experimental environment that can elucidate
several aspects of eagle population dynamics [3,44,45,50].

2.2. GPS Satellite Tagging

Tagging methods for Scottish golden eagles have been repeatedly described [1–3,51].
Nestlings were tagged when 50–70 days old [55,56] with a suitable transmitter and harness
weights [24,57,58] involving a thoracic X-strap harness [59,60] comparable with [61,62]. This
tagging method and others [60,63] were followed. The harness design did not affect the sur-
vival or physical injuries of golden eagles [62]. Tagging of Scottish eagles had no apparent
adverse effects under these metrics and others, including breeding productivity [50].

Nestlings were primarily sexed on biometrics (e.g., [64,65]). For many birds, assig-
nations were also supported by later observations of sexual role behaviour and camera-
trapping records of pairs in the field [3]. Examination of telemetry records early in the
breeding season when females spend more time at the nest than males [39] also allowed
strong inference of sex assignations for all settled territorial birds. These additional sex-
ing methods did not contradict the biometric method. Molecular techniques [42] from an
opportunistic sample taken previously also confirmed biometric assignations of several
birds [2], as did more recent molecular sexing of scores of birds translocated to the south of
Scotland [66].

Several transmitter models were deployed, involving nestlings that subsequently set-
tled on a territory [3,50]. Almost all deployed tags were manufactured by MTI (Microwave
Telemetry Inc., Columbia, MD, USA) in the present study, however, and their specifications
and transmission outputs are described elsewhere ([1,2,50,51]; notably [3]).
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2.3. First Territory Settlement and Prior Occupancy Status

We used an algorithmic method to estimate the date of first territory settlement
from birds GPS-tagged as nestlings [3]. This method has five stages, conceptually aligning
terminology and research concerned with natal dispersal and broader population dynamics,
notably, recruitment to a breeding population via territory occupancy through settlement.
It accounts for potentially confounding factors, such as the use of TSAs and territorial
excursion behaviour. When possible, its estimates were confirmed using field methods [3].

The algorithm is fully described in [3]. Briefly, it is based on three assumptions.

Assumption 1. Once a bird is settled on a territorial home range, its movements should be relatively
restricted spatially, but with temporal longevity; this assumption should be particularly evident for
nocturnal records, when birds should more likely be within their prospective breeding territory when
roosting, rather than records during excursive flights during daylight.

Assumption 2. A settled bird will have constrained movements which can be measured using a
threshold of distance moved since the last location using median locations.

Assumption 3. Settled birds have excursive flights outside their range which are beyond the
Assumption 2 distance threshold. However, these are of relatively short duration so distance travelled
should be averaged over a period of days.

We cast the prior occupancy status of territories into two classes: vacant and occu-
pied [3], such that, supported consistently by the most recent field assessments, deemed
vacant areas have a long history of no, or at least very transitory, occupation and occu-
pied areas have a long history of almost continuous occupancy. There is a rich historical
database of known golden eagle territories in Scotland from several national censuses and
prior records [43,67,68]. Periodic censuses are supplemented with annual efforts under-
taken by experienced surveyors, typically members of the Scottish Raptor Study Group
(SRSG) who contribute data to national censuses, and the Scottish Raptor Monitoring
Scheme (SRMS: [69]). Both sources were consulted, with an emphasis on the local SRSG
fieldworkers’ records (being more recent), who were blind to the reason for consultation [3].

This classification typically relied on survey efforts recording occupancy status up
to four visits per year in known or prospective territories [70]. There was an inevitable
difference between the timing of field surveys to document occupancy status and the
greater temporal precision of the settlement algorithm [3], even though survey visits were
seasonally concentrated during the summer (regarding several questions posed by our
study: Section 1).

The classification method emphasised the most recent records of occupancy status [3],
but there was repeated consistency, extending to decades in some cases, for many territories’
classified occupancy status [43,44,53,54,67,68]. On deemed vacancies, this was in large part
because of persistent illegal persecution creating and maintaining vacant territories in
eastern Scotland, associated with the management of intensive shooting of red grouse.
By contrast, on deemed occupancy, away from these centres of persecution (mostly in
western Scotland: [3,50]), there were also repeated records of territories being occupied
persistently [3,43,44,54]. The classification method can only ever be a snapshot metric, as
are many others in the study of large raptor biology (e.g., [71]). Unless all territorial birds
are satellite-tagged or all potential golden eagle nest sites are continuously monitored there
is no possibility of having an instantaneous record of the occupancy status of all current
and future golden eagle ranges. Nonetheless, we can use the rich historical database, which
stretches back to 1982 (and earlier), to make assumptions about the probable status of
a range. Additionally, including the most recent records prior to estimated settlement
dates, we are unaware of any instances in which our assumptions were incorrect based
on many thousands of hours of field observations by the authors and other field workers
(e.g., [3]). For simplicity, we assigned ranges probabilistically to one of two occupancy
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classes but recognise that there may be a small number of cases in which that assignment
was possibly incorrect. On the other hand, as noted by [3], several territories classed as
vacant were unequivocally new, despite decades of monitoring and longer-term historical
records. This approach and definitional classification have provided previous insight into
territory occupancy effects [3,25,49,50].

2.4. Statistical Analyses

Our full dataset was first evaluated as median and mean dates of first territory settle-
ment. We cast data into monthly divisions for graphic illustration.

Analyses included the circular statistical package in R [72]. Data were treated as days
of the year (1–365) and converted to radians; results were back-converted to dates for
illustrative purposes (radians × 365)/2 × π). We used von Mises bootstrapping to derive
95% CLs directional (seasonal) dates around means [72,73].

Under our first question, we used the Hermans–Rasson test [74] in preference to the
more usual Rayleigh’s Test of Uniformity to test whether the seasonal distribution of first
territory settlement dates differed from a uniform alternative. A significant difference
would indicate support for a seasonal difference in first territory settlement.

To address our subsequent questions, we contrasted data distributions (prior occupied
vs. prior vacant territories, and male vs. female) using Watson’s U2 test [73]. These involve
tests for the equality of polar vectors (dates of settlement).

We examined potential predictors (prior occupancy status and sex) singularly. Ex-
ploratory analyses considered GLM mixed effects models and Bayesian projected normal
circular regression (package bpnreg: [72]) but were not used as they did not lead to any
substantive differences to our single predictors’ analyses or provide further insight.

3. Results

Our 46 records on the seasonal timing of first territory settlement involved 19 in a prior
occupied territory and 27 in a prior vacant territory, and 25 males and 21 females (Table 1).
From all records, the median and mean settlement dates were 9 February and 8 February,
respectively. Bootstrapping gave 95% CLs, around the mean, of 8 December to 15 March.
Descriptively, therefore, the first territory settlement dates of GPS-tagged young eagles
were clearly seasonal, with few or no records for several weeks during summer (Figure 1).
Settlement tended to peak in late winter and spring, but also occurred in autumn through
to early winter (Figure 1).
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Table 1. Raw data used in statistical analyses, by individually tagged eagle (Tag ID). M = Male,
F = Female. Prior territory status: Y = occupied prior to settlement, N = vacant prior to settlement.

Tag ID Sex Natal Year Settlement Date Prior Territory Status

100 M 2014 22 March 2019 Y
102 F 2008 7 February 2012 Y
334 M 2016 25 September 2018 N
582 F 2016 2 March 2021 Y
584 M 2015 16 October 2021 Y
660 M 2017 5 April 2019 N
809 F 2016 24 May 2020 Y
815 F 2008 1 March 2014 Y
925 M 2017 26 September 2022 N
928 M 2017 29 April 2021 Y
932 M 2017 7 October 2019 N
933 F 2019 22 April 2022 Y
997 F 2017 14 October 2022 Y

1025 M 2018 10 September 2021 Y
1026 M 2018 8 December 2021 N
1030 F 2018 19 April 2021 Y
1031 M 2018 6 September 2021 N
1074 F 2019 7 February 2021 N
1094 M 2019 17 December 2021 N
1097 M 2019 29 August 2022 N
21197 F 2010 23 January 2013 Y
51888 M 2014 4 February 2018 Y
57109 M 2010 20 February 2015 Y
57115 M 2010 23 October 2011 N
57595 F 2018 16 February 2022 N
57596 M 2018 16 October 2021 N
57597 F 2018 31 December 2021 N
57599 M 2019 27 July 2022 N
57602 M 2021 22 September 2022 N
57607 M 2021 17 May 2023 N
84135 F 2010 15 December 2011 N
89251 F 2011 17 December 2014 Y
89279 F 2011 16 February 2016 Y

120196 M 2012 10 April 2015 Y
129005 M 2013 29 August 2016 N
129006 M 2013 15 January 2019 Y
129008 F 2014 12 November 2016 N
129012 M 2013 7 April 2015 N
148632 F 2015 14 February 2017 N
148635 F 2015 10 March 2017 N
148639 F 2015 2 May 2017 N
148640 M 2015 20 February 2017 N
181536 F 2021 18 April 2023 N
181543 F 2021 17 March 2023 N
286611 F 2007 10 April 2009 N
656352 M 2008 31 March 2012 Y

The seasonal pattern (Figure 1) was significant (Hermans–Rasson test, p = 0.003),
thereby supporting our first hypothesis. This significant seasonality was apparently driven
by little settlement in the summer months.

Following from this support, on our second hypothesis there were few gross dis-
crepancies between seasonal patterns in territory settlement according to prior occupancy
status (vacant or occupied) (Figure 2). Watson’s U2 test showed no significant difference
between settlement dates according to prior occupancy status on polar vectors (dates) (test
statistic 0.0856, p > 0.10). There was no significant difference between the seasonal timing
of settlement according to whether the settled territory was occupied or vacant.
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n = 27); and lower panels, sex (male: n = 25; female: n = 21).

On our third question, despite continued de facto support for limited settlement during
summer, there were some sexual differences (Figure 2). Under Watson’s U2 tests, there
was a significant difference in polar vectors (dates) (test statistic 0.2025, 0.01 < p < 0.05).
The mean settlement dates were 1 November (95% CLs: 2 July–9 April) for males and
22 February (95% CLs: 24 January–18 March) for females. Males were more likely than
females to settle in autumn, leading to a wider spread and an earlier mean settlement date;
females’ settlement was concentrated in late winter and spring (Figure 2).

Cross-tabulation of results for prior occupancy status and sex found few significant
relationships, perhaps not surprising given sample sizes (Table 2: see also Figure 2). There
were nonetheless some trends of interest. The mean settlement date in prior occupied
territories was similar between the sexes (Table 2, Figure 2). In prior vacant territories,
however, males settled about six months later in a year whereas in females it was weeks
earlier, in a significant difference (Table 2). This suggested that the significant difference in
the spread of settlement dates between the sexes (see above), wherein males were more
likely to settle during the autumnal post-breeding season, was predominantly in prior
vacant territories.
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Table 2. Cross tabulation of descriptive statistics for territory settlement dates according to prior
occupancy status and sex (sample sizes in parentheses). Means and 95% CLs were derived by von
Mises bootstrapping. Results of Watson’s U2 test are given for combinations on equality of polar
vectors (NSD = no significant difference).

Prior Occupied (19) Prior Vacant (27) Watson’s
Test

Male (25) Mean: day 62 (02 March)
95% CL: day 322–100 (17 November–9 April)

Mean: day 270 (26 September)
95% CL: day 259–326 (16 September–21 November) NSD

Female (21) Mean: day 54 (25 February)
95% CL: day 9–95 (09 January–04 April)

Mean: day 51 (20 February)
95% CL: day 16–81 (16 January–21 February) NSD

Watson’s test NSD p < 0.05

4. Discussion

We found significant seasonality in when dispersing golden eagles first settled on a
territory, involving little settlement during the summer months. This confirmed previous
indirect indicative evidence [7,37–39].

The lull in summer settlement was not due to the presence of territorial incumbents
because the same summer lull occurred in all territories, irrespective of the assumed
occupancy status. We could not ascertain the occupancy status precisely in every case
immediately before our settlement dates, on a day-by-day basis. We acknowledge that
classification may have been imprecise on such a short-term basis. Not all territories we
classed as vacant may have been vacant (although that misclassification would have gone
against all available data and would have required the sudden unexpected presence of a pair
of eagles prior to the estimated settlement date—since a pair is required to deem occupancy).
However, it seems highly unlikely that our classifications of territory occupancy involving
decades of monitoring and more immediate records prior to settlement dates were always
incorrect, and when several territories were new—and so vacant—and not previously
recorded over decades of monitoring [3]. Our fundamental observation was of no or very
few records of summer settlement. Despite some possible imprecision in our classification
of territories’ occupancy status this possibility is inadequate to deny the universal finding
and any role of territory occupancy status.

The South of Scotland Golden Eagle Project [66] has involved the translocation of
several young golden eagles from the north, to reinforce the small number of territorial
pairs and establish a more resilient regional sub-population through additional occupancy
of new territories. SSGEP translocation methods are largely identical to those used by
reintroduction projects involving the hacking method (e.g., [75,76]). To date, there have
been 10 satellite-tagged translocated birds settled on a territory (Fielding et al. unpublished
data). All these settlement events did not occur in the summer, consistent with our findings
from wild-fledged birds. All these territories were previously unknown and novel (towards
fulfilling SSGEP’s purpose) and were therefore vacant in our classification and not defended
by any occupants.

Hence, it seems likely that in many cases settling birds were not responding to de-
fensive reactions from occupants, so the seasonal feature was probably innate (i.e., part of
dispersing birds’ inherent behavioural repertoire). How this innate settlement behaviour
has evolved and persists in the absence of any territorial occupiers’ resistance is open to
speculation. It may be an evolutionary ghost of adaptive behaviour in a fully occupied
territorial environment when territory occupants in the summer may be more prone to
be aggressively defensive of an active breeding attempt. During this period, however,
territorial females are more likely concentrated on caring for their eggs/brood at the nest,
and territorial males are more likely concerned with provisioning the breeding attempt [39].
Hence, extra time–energetic expenditure on territorial defence would appear to be difficult
to maintain during summer and thereby provide an explanation for enhanced temporal
defence in the evolutionary past.

Moreover, settlement frequently occurred when the breeding season was beginning
in occupants’ preparation (notably, nest building) or in their egg-laying or early incu-
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bation stages [39]. If eagles’ undulating displays are even partially related to territory
defence [41,77], then several studies have recorded peaks at this time of year [18,40,41].
Indeed, although it is difficult to separate cause and effect, it may be that seasonal dis-
play frequency is a response to greater intrusion intensity (and prospective settlement
attempts: [7,37–40]). It does not appear to be a surrogate implicating a driver affecting
seasonal settlement occurrence, since dispersing birds frequently settled during this period
of display. This is also consistent with our results, showing that the absence of occupants,
which would include any displaying, was not influential.

The spread of settlement dates differed between the sexes, with males more likely
to settle in autumn, and females’ settlement concentrated in late winter and spring. The
sexual difference in autumn settlement appeared to be because males were more likely to
settle at this time in vacant territories. This seasonal difference between the sexes should
not be due to males settling when younger because on this we previously found no sexual
difference [3].

In other species, prospecting for territorial/breeding opportunities often occurs at
the end of the breeding season, which is thought to be because at this time the quality
of a territory or potential breeding opportunity can be adjudged through the presence
and/or quantity of fledged young [20,78]. This may govern decisions on where to attempt
settlement, which, in a long-lived species involving years of natal dispersal (such as the
golden eagle), may trigger settlement attempts at the time of discovery [49]. In Scottish
golden eagles, most fledged juveniles are still in their natal territory in the autumn [1–3]
and will be readily identifiable [79] as a sign of breeding productivity.

Such a possible ‘immediately settle on prospection of breeding outputs’ scenario,
however, appears to be a strawman argument (see also [49]). It does not explain our results,
since they should apply equally to both sexes (not found) and the propensity for males to
settle in autumn was in assumed vacant territories. Obviously, these were territories where
their quality could not be adjudged on the presence or quantity of fledged juveniles.

Further research on this subject is clearly required, as there are several empirical
features which elude thorough understanding. To date, on seasonal first territory settle-
ment, our study and others have involved resident populations of large raptors. Future
comparable research in migratory populations [16,34,80,81] could be illuminating when
the seasonal window for first territory settlement is compressed because it is impossible for
much of the non-breeding season.
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