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Abstract: Natal dispersal of large raptors is poorly understood, despite being a crucial transitional life-
cycle phase affecting gene flow and population dynamics. A research-gap rarely examined concerns
how young dispersing raptors strategize movements towards first settlement on a prospective
breeding territory. First territory settlement is a critical decision for a lifetime and can take several
years. With such importance, large raptors should theoretically devote considerable effort to acquire
accurate information during prospection. Nevertheless, when discovery of territorial opportunities
may be difficult, but easier in vacant territories, we posit two extremes in strategizing prospection
behaviours: (1) “Quick, grab it when available with limited reconnaissance”, as opposed to (2) “Slow,
waiting game with frequent reconnaissance”. We analysed pre-settlement data from 37 GPS-tagged
nestling golden eagles, later recorded as having settled on their first territory. The number of eagles’
unique daily visits to their later settled territories was a measure of prospection intensity. We
documented substantial variation in prior visits, between less than 10 to several hundred. Analyses
considered several potential predictors. We expected a positive association between number of
prospecting visits and natal dispersal duration, since with more time to gather information there
should be more visits. We also expected fewer prospecting visits in prior vacant territories. Neither of
these expectations were supported. There was a non-significant tendency for more prospection visits
by males. Our study provides novel information on a seldom-studied behaviour in a large raptor. It
illustrates substantial variation in prospecting behaviour, but expectations of potential drivers behind
this variation were not confirmed, urging further study.

Keywords: reconnaissance behaviour; natal dispersal; juvenile dispersal; transience phase; raptor;
population ecology; GPS-telemetry

1. Introduction

Much of the behaviour of large raptors during natal dispersal [1,2], often termed
juvenile dispersal [3–7], is poorly known [8]. This is the phase between birds departing
from their natal range (at the end of post-fledging dependence phase: PFDP [7,9]) and
settlement on a prospective breeding territory [10]. A particular research-gap in this critical
phase, otherwise termed as transience [7,11–14], involves how dispersing birds prospect or
may strategize their first settlement on a breeding territory [14,15].

First territory settlement in large raptors is important because it is substantially a
decision for a lifetime via territory quality, available partner, and hence reproductive
resources. After initial settlement, further movements (via breeding dispersal: [1]) appear
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uncommon in most species [10,16,17]. While large raptors can take several years during
natal dispersal to decide on or find a prospective breeding territory in which to settle, natal
dispersal is variable in duration [10].

Young large raptors face challenges in prospecting and finding any available territorial
opportunity which may lead to reproduction. Life history traits, notably high longevity,
and low density as top predators [16], can produce a conspecific landscape into which
youngsters try to establish themselves as a reproductive entity that is typically thinly
spread, usually filled with defensive occupants, and with few territorial openings for easy
entry [10]. Those openings are also sought by other prospecting youngsters. Existing terri-
torial birds, by regularly visiting neighbouring territories, likely scoping an advantageous
movement, are an additional competitive element faced by dispersing youngsters [10,18].
Such opportunities may be so low in high density populations that older adults may still
be ‘floaters’ seeking settlement where reproduction is possible [19–21].

From research on other species, prospecting future breeding opportunities may be
arguably easier in species which are cavity nesting or clumped in distribution, such as
colonial seabirds [15,22–25], even though prospection studies often involve breeding dis-
persal [26,27].

There are few studies of large raptors. Prospecting behaviour in young eagle owls
Bubo bubo was uncommon [28]. Dispersing owls occupied long-term ‘temporary settlement
areas’ (TSAs) close to breeding ranges with minimal prospecting, even though a few young
owls rapidly occupied a breeding territory [28]. While revelatory, these features may be
unusual. In other large raptors, such as the golden eagle Aquila chrysaetos, superficially
there are far greater movements during natal dispersal which involve potential prospection,
with shorter occupancy of TSAs [5,6,10,14,29].

Information gathering during prospection can be costly in time and energy [8,22], and
may include death according to golden eagle studies [29–31]. Theory expects that, given
the settlement decision’s importance, birds should devote considerable effort to acquiring
accurate information about potential locations before finally selecting a breeding site [23].
At some point, however, potential breeders must gain information regarding prospective
breeding sites without the costs of gathering the information outweighing the benefits [32].

Scottish golden eagles settled when younger in prior vacant territories than in prior
occupied territories, so time taken to settle was a function of the competitive environ-
ment [10]. This environment may also be relevant to prospecting behaviours under a
cost-benefit evaluation [32]. Birds may nevertheless be constrained spatially in their infor-
mation gathering movements by an innate natal dispersal distance (NDD: [1]) exerting a
philopatric pull towards natal sites, potentially affecting prospecting movement behaviours.
This philopatric pull is expected to be greater in males than females [1,2,33,34] and was
confirmed in our study population [35].

Within this NDD constraint, and with a Scottish territorial landscape which can vary
geographically between several vacant openings but with a higher density of occupied
territories elsewhere [10,29], two respective extremes in strategizing prospection of territory
availability may be: (1) “Quick, grab it when available with limited reconnaissance”, as
opposed to (2) “Slow, waiting game with frequent reconnaissance”.

In simple cost-benefit analysis, tactic 1 avoids much prospecting cost but may not
benefit subsequently from reconnoitering the best opportunity available within a limited
time span. Tactic 2 encompasses the opposite strategy. These two extremes may be relevant
to prospecting behaviours because in our study system eagles settled on a prospective
breeding territory when younger if it was vacant. They took longer to settle on a territory
which was occupied [10]. These results came from satellite telemetry research. Satellite
telemetry provides novel research opportunities in avian ecology and behaviour [36],
including tracking prospecting movements [15], although in large raptors it has been
seldom utilised [14].

Using records of golden eagles GPS-tagged as nestlings which later settled on a terri-
tory [10], our objectives were first to describe the number of unique daily visits made during
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natal dispersal to the later settled territory, as a measure of prospection intensity. Under
a second objective, this variable was set analytically against several potential predictors
which we expected could be influential in affecting our prospection metric.

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 [37], which are also used
by non-territorial birds [29,38–40]. These uplands vary in geology, vegetation, topography
and climatic influences.

Climatically, situated on the northeastern edge of the Atlantic Ocean, the west of
Scotland being subjected more to the Atlantic Drift is wetter and windier with more
equitable seasonal changes in weather, and is hence more oceanic. The east is drier
with greater seasonal change in weather and is more continental [38,41]. The contrast-
ing oceanic/continental influences tend to produce upland vegetations which are found
only at higher altitude in the east but which may occur at sea level in the west. The preferred
open habitats are vegetated by dry or wet heathland and peatland dominated by heather
Calluna vulgaris and relatives in the east, with graminoids, sedges and deeper peatland
more common in the west [38,41].

There is a broad west/east divide on the strong influence of illegal persecution of
golden eagles. In the east, driven shoots of red grouse (Lagopus lagopus scotica) are practiced
and require management for extremely high densities of grouse coveys [38,42–46]. To
maintain such high densities, some land managers illegally kill predators of grouse such as
golden eagles. Illegal persecution of golden eagles has been evident for several decades.
These illegal activities substantially contribute to a national environment of numerous
vacant eagle territories and a relatively low density in the east, compared to higher densities
further west [29,37,38,41–46]. Such eastern areas can be attractive to eagles, but as they can
be lethal, this provides a classic example of an “ecological black hole” due to anthropogenic
activities [38,43,44].

The west/east influences are also reflected in golden eagles’ diet in being more re-
stricted to red grouse and mountain hares Lepus timidus in the east [41,47]. Despite large
numbers of hares being culled on some intensively managed grouse moors [48] the abun-
dance of red grouse and hares in the east is often associated with higher breeding produc-
tivity there, from the fewer territories which prevail—even if only sometimes temporar-
ily [38,41–47]. In the oceanic west, climatic influences may explain much productivity
variation [49], although a low dietary diversity (‘specialization’) was not associated with
higher productivity [50].

Golden eagles in Scotland do not use lowland habitats [39,40]. They do use low altitude
habitats in the western Highlands and Islands, but given the strong oceanic influences
here, the “uplands” can often descend to sea-level. Topographic measures, as a surrogate
for availability of orographic/declivity, winds and aerial habitat facilitating movement
involving combined measures of altitude, slope and distance from ridge, are powerful
predictors of golden eagle activity [39].

2.2. GPS Satellite Tagging

Tagging methods for Scottish golden eagles have been repeatedly described [7,9,29,39,40,51].
Nestlings were tagged when 50–70 days old [52,53] with transmitter weights and harnesses
less than the 3% lower recommended maximum of body weight [54] (see also [55,56]).
Using 13 mm tubular Teflon ribbon (Bally Ribbon Mills, Bally, PA, USA) sewed with cotton
or linen thread, all birds were fitted with a thoracic X strap harness [57,58], otherwise called
a “crossover wing harness” [59] or a “Garcelon-type harness” [60]. This method, and others
associated with tagging, were followed [58,61]. This harness design did not affect several
raptors on survival or physical injuries, including golden eagle [60]. Tagging of Scottish
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eagles had no apparent adverse effects under these metrics and others, including breeding
productivity [29].

Several solar-charged transmitter models were deployed [9,29]. Almost all deployed
tags in the present study were manufactured by MTI (Microwave Telemetry Inc.,
Columbia, MD, USA), and their specifications and transmission outputs are described
elsewhere [7,9,10,29,39,40,51].

2.3. Estimating Variables and Statistical Analyses

Territory settlement was determined algorithmically, involving spatial and temporal
evaluations accounting for potentially confounding TSA use and exploratory movements
by settled territorial birds [10]. The same telemetry data were used to estimate the territory’s
95% percent volume contour (PVC) using the kernel density estimator in the adehabitatHR
package in R [62]. We refer to this subsequently as the range.

We recorded the number of unique days when the range was visited prior to settle-
ment (after the post-fledging dependence period: PFDP [7,9]) using available daily points
ascertained by the polygon tool of QGIS 3.26. This was taken as our measure of prospection
intensity, in description and as the dependent variable in analyses. We did not use the
number of records in the range as this metric would be more affected by the state of a tag’s
battery and its solar recharge, which can decline in winter and in darkness [63]. Nocturnal
records were excluded using the R suncalc package (v 0.5.0) [64].

We utilized five potential predictors (explanatory variables) in our analyses:

1. The duration of natal dispersal taken as dates between when an eagle dispersed
(after PFDP: [7]) and when it settled on a territory [10]. This was expected to be
influential, since with longer natal dispersal, opportunities for more prospection visits
were greater.

2. The prior status of the settled territory: occupied or vacant [10]. Under our premise on
‘quick’ or ‘slow’ reconnaissance (Introduction), the ease of prospection and settlement
should be greater in vacant territories—towards the ‘quick’ premise.

3. The duration to first date after dispersing (i.e., post-PFDP) when an eagle first visited
its later settled territory. We included this variable under the premise that early
experience of the settled territory may have had an influence on how quickly later
settlement occurred.

4. The duration of PFDP. The beginning of PFDP for birds tagged as nestlings was taken
as a generic fledging date of 1 August, to first date of dispersal on duration [7,9].
These measures gave the start and end dates of the metric. This metric was included
as a potential predictor because PFDP is highly variable [7,9] and if birds spend
more time in their natal territory, then this could have consequences for their later
prospection efforts.

5. Sex. Differences between sexes surrounding natal dispersal are several [1,2,7,9,10,33–35].

Using R (v 4.2.3), we computed single predictor general linear models (GLMs) with
Gaussian error distribution. Predictor significance was obtained using the R summary
command. Given that there were five potential predictors, there were many potential
multi-predictor models. We used the dredge function from the R MuMIn package (v 1.47.1)
for multi-model inference and used AIC to rank the models. We selected the model with
the lowest AIC as the best model but we acknowledged a warning [65] about selecting a
spurious best model, and therefore we included parsimony as an important criterion.

3. Results

Our study involved 37 tagged eagles (Table 1). Summary descriptive statistics showed
that there was a wide variation in the number of days when young eagles visited their
future territorial range prior to settlement, from one to 493 (minimum and maximum
values) (Table 2).
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We fitted GLM models, estimated using maximum likelihood, using prior unique
daily visits to the future range as the dependent and the five potential predictors (Methods)
as prospective explanatories. None of the predictors was significant when used in isolation
(Table 3). We also fitted a full model but its explanatory power to predict the number of
visits to the future range was weak (R2 = 0.09). The full model’s intercept, corresponding
to sex = F, prior status = occupied, days to first visit = 0, natal dispersal duration = 0 and
PFDP duration = 0, was at 118.41 (95% CI [−71.27, 308.09], t (df = 31) = 1.22, p = 0.221).

Table 1. Raw data used in analyses. Tag = Tag ID, Sex (M = male, F = female), Dispersal = date
of dispersal (end of PFDP: d/m/y), PFDP = duration of PFDP (d), 1st visit = date of first visit to
future range, Day 1 = 1st visit to future range (d) where 0 = start of dispersal, Visits = number of
unique dates (d) on which the settled range was visited, Settled = date the bird settled (d/m/y),
Duration = natal dispersal duration (d) (number of days to settlement from the start of dispersal,
day 0), NDD = Distance from natal site to future range (km), Prior Status = status of the future range
prior to settlement (O = occupied, V = vacant).

Tag Sex Dispersal PFDP 1st Visit Day 1 Visits Settled Duration NDD Prior Status

100 M 04/02/15 173 14/03/15 38 187 22/03/19 1507 60 O
102 F 01/11/08 78 09/11/08 8 7 07/02/12 1193 58.6 O
334 M 09/12/16 116 12/04/17 124 64 25/09/18 655 26.9 V
582 F 07/11/16 84 10/04/17 154 67 06/03/21 1580 60 O
584 M 12/04/16 241 13/04/17 366 283 16/10/21 2013 18 V
660 M 01/03/18 198 18/04/18 48 70 06/01/19 311 13.6 V
809 F 22/09/16 38 04/04/17 194 32 24/05/20 1340 63 O
815 F 04/03/09 201 05/10/11 945 1 01/03/14 1823 25 O
928 M 03/02/18 172 25/02/18 22 31 29/04/21 1181 36 O
932 M 21/03/18 218 02/08/19 499 48 07/10/19 565 43.1 V
933 F 19/09/19 32 14/09/20 361 9 20/04/22 944 50.8 V

1025 M 20/01/19 158 14/03/19 83 40 10/09/21 964 35 V
1026 M 11/03/19 208 20/01/20 315 38 08/12/21 1003 52 V
1030 F 28/10/18 74 09/04/19 163 73 19/04/21 904 68 V
1031 M 01/04/19 229 02/04/19 1 461 06/09/20 524 66 V
1074 F 31/10/19 77 02/03/20 123 315 07/02/21 465 83 V
1094 M 06/12/19 113 26/04/20 142 226 17/12/21 742 81.9 V
1096 F 30/10/19 76 21/11/19 22 402 19/05/21 567 12 O
1097 M 30/10/19 76 25/04/22 908 493 29/08/22 1034 33.1 O
21197 F 28/12/10 135 02/05/11 125 7 23/01/13 757 78 O
51888 M 03/03/15 200 05/09/15 186 31 04/02/18 1069 27 O
57109 M 28/09/10 44 08/02/11 133 357 20/02/15 1606 33 O
57115 M 17/10/10 63 27/03/11 161 42 23/10/11 371 30 V
84135 F 17/10/10 63 28/06/11 254 54 15/12/11 424 82 V
89251 F 05/02/12 174 27/06/13 508 13 17/12/14 1046 65 O
89279 F 17/12/11 124 11/02/12 56 114 16/02/16 1522 38 O

120196 M 04/11/12 81 26/03/14 507 8 10/04/15 887 29 O
129005 M 06/11/13 83 08/11/13 2 20 21/01/16 806 26 V
129006 M 05/10/13 51 26/10/13 21 110 15/01/19 1928 26 O
129008 F 31/10/14 77 02/06/15 214 26 12/11/16 743 32 V
129012 M 05/12/13 112 11/01/14 37 301 07/04/15 488 13 V
148632 F 28/11/15 105 27/03/16 120 64 14/02/17 444 40 V
148635 F 25/10/15 71 04/03/17 496 2 10/03/17 502 87 V
148639 F 11/02/16 180 20/04/16 69 65 02/05/17 446 56 V
148640 M 05/02/16 174 21/02/16 16 100 20/02/17 381 42 V
286611 F 10/11/07 87 13/03/09 489 2 05/04/09 512 67 V
656352 M 22/03/09 219 14/04/09 23 65 31/03/12 1105 29 O
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Table 2. Descriptive statistics for the explanatory variable (home range visits: number of unique
days), and predictive variables: natal dispersal duration, first visit to the future range and duration of
PFDP. These are cast according to sex (M = male F = female) and the status of the future range prior
to settlement (occupied or vacant). LCL = 2.5% quantile, UCL = 97.5% quantile.

Variable Sex Prior Status Min LCL Mean Median UCL Max sd

Home range visits (d)

F occupied 1 2 80 23 352 402 136
F vacant 2 2 68 54 267 315 97
M occupied 8 12 160 88 469 493 177
M vacant 20 25 141 67 417 461 142

Natal dispersal duration (d)

F occupied 567 600 1228 1266 1780 1823 426
F vacant 424 428 598 502 936 944 208
M occupied 887 913 1290 1143 1872 1928 354
M vacant 311 328 735 610 1735 2013 461

First visit to future range (d)

F occupied 8 11 252 140 869 945 322
F vacant 69 79 254 214 495 496 160
M occupied 21 21 230 86 838 908 319
M vacant 1 1 150 104 462 499 161

Duration of PFDP (d)

F occupied 38 45 114 104 196 201 55
F vacant 32 38 85 77 165 180 41
M occupied 44 45 127 126 216 219 71
M vacant 63 69 159 166 238 241 61

Table 3. Results of individual Gaussian GLMs estimated by maximum likelihood using number of
visits to the future range as the response (dependent) variable. Prospective explanatory predictor
variables involved sex (male or female), duration of natal dispersal, prior occupancy status (occupied
or vacant), days to first visit after dispersing and duration of PFDP.

Predictor Beta 95% CI: Lower, Upper t (df) Standard Beta (95% CI) p

Sex (corresponding to F)
Sex (M) 75.04 −12.84, 162.93 1.67 (35) 0.54 (−0.09, 1.17) 0.094

Natal dispersal duration
(corresponding to zero)

Natal dispersal duration (d) 0.0 0.08, 0.11 0.29 (35) 0.05 (−0.28, 0.38) 0.775
Prior occupancy status

(corresponding to vacant)
Prior occupancy status (occupied) −10.65 −102.45, 81.16 −0.23 (35) −0.08 (−0.74, 0.58) 0.820

First day to range visit
(corresponding to zero)

First visit to future range (d) 0.00 −0.09, 0.11 0.16 (35) 0.03 (−0.30, 0.36) 0.870
Duration of PFDP

(corresponding to zero)
Duration of PFDP (d) −0.73 −0.73, 0.75 0.03 (35) 0.01 (−0.33, 0.34) 0.976

There were no significant results indicating any potential predictor variable’s influence
(Table 3). An influence of sex was suggested (Table 3: p = 0.094) such that males tended
to make more prospection visits to the future range and had a greater spread of prior
visitation efforts than females (Figure 1).

Multi-model inference using the dredge function identified the highest ranked model,
out of 16, as one with sex as the only predictor approaching possible influence. Sex was
insignificant in this single predictor model, however, and the adjusted R2 (0.032) was weak.
This highest ranked model had an AIC of 535.8, while the second highest ranked model was
the null model with an AIC of 536.2 (delta AIC = 0.42). Using parsimony, and the absence of
a significant predictor in the highest ranked model, the null model was selected as the ‘best’
model. Hence, the absence of significant predictors, out of those tested, was confirmed.
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Figure 1. Illustrations of some results from analyses, with number of daily prior visits to the home
range as the dependent variable (y axes). Presentations are box and whisker plots according to
selected independent predictor variables (x axes). Solid black horizontal lines show medians, and box
limits correspond to the first and third quartiles (25 and 75 percentiles). Whiskers (vertical lines) show
values extending 1.5 times away from this inter-quartile range, and asterisks show values which were
greater. The upper panels show results for sex and prior range status. With the suggestion of some
influence of sex (upper left graphic), the middle panels show results for males according to prior
range status (vacant or occupied), with corresponding results for females in the bottom panels.

4. Discussion

Golden eagles showed a wide range of prospection behaviours in how often the future
settled territory was visited during natal dispersal, from a handful of visits to hundreds.
This is a novel result in a field seldom considered previously in large raptors [14]. It is
different to eagle owls in southern Spain [28].

We did not find any relationships with the large variation in our prospection metric.
Two reasonable expectations were not supported as influential. Duration of natal dispersal
(allowing more time for prospection) was not related. Prior occupancy status (if vacant then
ease of settlement should produce fewer visits) was also not related, even though eagles
settle when younger in vacant territories [10]. Such youthful settlement would expect fewer
prospection visits but was not supported.

We posited two extremities for eagles’ strategizing prospection behaviours: (1) “Quick,
grab it when available with limited reconnaissance”, as opposed to (2) “Slow, waiting game
with frequent reconnaissance”. Broadly, this was recorded. Tactic 1 should be more likely
in vacant territories, however, and tactic 2 should be more likely in occupied territories.
In some environments, the best territories should be more in demand and thus subject to
more competition with a potentially longer waiting list for occupancy of higher quality
territories [66]. This would result in more time to discover a territorial opening and more
visits to reconnoiter any opening in higher quality territories.

This was not our study’s environment, however. Critical to our study is that it
involved a territorial landscape which was heavily influenced by illegal persecution, which
has created many territorial vacancies in parts of eastern regions (Methods). We did
not have data to explore settlement and prior prospecting behavioural decisions against
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subsequent reproductive outputs from settled birds, not least as age of occupants can
affect reproductive success [43], and age of settlement is also variable and often young [10].
Nonetheless, in eastern regions where fewer territories are occupied, reproductive outputs
are typically higher [38,45,46]. The waiting list [66] for such high-quality territories is
therefore disproportionately shortened because of illegal persecution.

Hence, eagles settle when younger on these territories [10], and counter-intuitively,
through effects of persecution, higher quality (vacant) territories were consequently ex-
pected to have a shorter waiting list with less reconnaissance during prospection. This was
not found, however.

We also found no evidence that the rapidity with which an eagle first visited its later
territory had any relationship with how often it was visited subsequently. Nor was there
any relationship between the duration of PFDP—which can be highly variable [7,9]—with
the substantial variation in prospection visits to the settled territory.

There was a non-significant indication that males made more prospection visits than
females. This could be explained if males were more pioneering and active in establishing a
new territory, since there were numerous vacant territories in our study system ([10,29,35],
present study: Table 1). The role of females would arguably be more attuned to selecting
a territory and their prospective male partner, and so with slightly later settlement. In a
re-introduced population of white-tailed eagles Haliaeetus albicilla, this sequence of events
was indicated [17]; however, see [67]. An earlier analysis of golden eagles in Scotland,
however, did not find earlier settlement of males, even in vacant territories [10]. Including
the present study, nonetheless, there is increasing evidence of differences between males
and females, at stages involving natal dispersal which are still to be explained [9,10,35].

It is inevitable that dispersing birds will have visited several occupied ranges, and
it is possible that the location and number of occupied ranges visited played a role in an
individual’s decision to settle. However, we were unable to investigate this because we
did not have contemporaneous complete records of all occupied ranges across Scotland.
This is a weakness in our study which is unlikely to be overcome in any reasonably sized
population of large raptors.

In conclusion, we showed that young golden eagles had marked extremes in their
reconnaissance tactics, completing very few to hundreds of prospection visits. We did not
discover any significant predictors behind this variation, despite reasonable expectations
under several potential explanatory variables. This illustrates that for large raptors it is a
research field deserving more attention, if only initially on simple descriptive estimates of
prospection behaviours [14].
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