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With life-history traits involving high survival, low reproductive output, years of natal dispersal and deferred maturity, the population ecology and behaviour of large raptors which occur at low densities can be difficult to study. The age at which large raptors first settle on a prospective breeding territory receives relatively little attention, but is a key metric in population modelling including, for example, projections of reintroduction projects. It can also be a barometer of the “health” of populations and the availability of breeding opportunities. The advancement of GPS-telemetry has proved invaluable in gaining insights into several aspects of large raptor ecology and behaviour. Age of first territory settlement (AFTS) is one such aspect. AFTS is important in modelling population trajectories and considering individuals’ lifetime reproductive success. We used an algorithm based on GPS-records from dispersing Golden Eagles tagged as nestlings in Scotland to estimate AFTS. While the lifespan of GPS-tags can bias against settlement dates of older birds, they can also potentially reveal settlement ages difficult or impossible to discern from other methods. We found a range of ages for AFTS, including those in their second calendar year; much younger than previously documented by other methods. Ground-truthing – when possible and if inevitably slightly delayed – confirmed territory occupation on field-based survey criteria. We found that eagles settled younger in vacant territories and when older in occupied existing territories. Birds’ sex had no effect on AFTS. Birds which dispersed earlier from their natal territory (indicative of “quality” from some previous research) had no association with AFTS. Our results indicate that within technological temporal limits GPS-data can provide for accurate and precise estimations of AFTS including early settlement not consistently or precisely recorded by other methods. Within our study’s variable competitive landscape we found that AFTS was associated with the availability of territorial opportunities but not with the timing of dispersal. These findings have consequences for studying and understanding large raptor population dynamics.
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INTRODUCTION

Dispersal is a critical but poorly understood behaviour in animal population dynamics (Clobert et al., 2009). The movement between a natal site to where reproduction first takes place is termed natal dispersal to distinguish it from any subsequent moves between breeding sites, termed breeding dispersal (Greenwood, 1980). Following a post-fledging dependence period (PFDP: Weston et al., 2013, 2018) three sequential behavioural phases of natal dispersal have been identified; emigration, transience, and immigration (Stenseth and Lidicker, 1992; Ims and Yoccoz, 1997), although other terms have been used: for example departure, transience and settlement, or start, transfer/wandering and stop (South and Kenward, 2001; Walls et al., 2005; Delgado and Penteriani, 2008; Clobert et al., 2009).

Breeding territory settlement, as the end point of natal dispersal, is a measure underlying natal dispersal distance (NDD; the linear distance between natal site and first location of entry to the breeding population: Greenwood and Harvey, 1982). It is consequently important to understanding gene flow, delimitation of “populations,” and basic population dynamics involving immigration or emigration. Thereby, determining its occurrence underlies an influential life-history feature, especially in long-lived birds such as large raptors (Newton, 1979; Clobert et al., 2009).

When modelling population dynamics, first territory settlement represents recruitment of dispersing birds to the prospective breeding population (Azpillaga et al., 2018) which affects measures of occupied territories and a population’s breeding productivity (Hayhow et al., 2017; Steenhof et al., 2017; Gjershaug et al., 2018). Age of first territory settlement (AFTS) is therefore an important variable in understanding several features of large raptor populations, not just NDD estimates.

Satellite tagging has been used recently to quantify several features of large raptor biology, such as PFDP and the onset of dispersal (Weston et al., 2013, 2018) and survival (Sergio et al., 2018). Millsap et al. (2014) and Murphy et al. (2019) have identified recent advances in satellite tagging, by technology and utilisation, as capable of providing invaluable insights into NDD. Most large raptors are tagged as nestlings to study natal dispersal phases (López-López, 2016). Hence, one difficulty can be that the expected duration of natal dispersal (Newton, 1979; Steenhof et al., 1983; Ferrer, 2001; Struwe-Juhl and Grünkorn, 2007; Whitfield et al., 2009a) may exceed the operational lifespan of satellite tags deployed; for “large raptor tags” either as given by manufacturers (typically ≤3 years: Whitfield and Fielding, 2017) or, as quantified in practice (about 3 years: Sergio et al., 2018). Telemetric data have documented first territory settlement (e.g., Urios et al., 2007; Murphy et al., 2019) but not via a quantified repeatable measure based solely on telemetric records.

In seeking a measure of natal dispersal termination and AFTS using remote telemetric data, however, there may be confusion with the use of temporary settlement areas (TSAs) during a “stop” phase of dispersal, because such movements can be similar to acquisition of a breeding territory (Delgado et al., 2009). Some authors have considered as equivalent the movement behaviour “stops” due to temporary home range use during natal dispersal and the later end of natal dispersal due to breeding territory settlement (Penteriani et al., 2005a,b; Delgado and Penteriani, 2008). For NDD and population dynamics, however, such “stops” are not equivalent: hence there is a need to differentiate. Subsequent short-term excursive movements by settled territorial birds (Watson et al., 2014) also need to be accounted for.

Our study used a novel algorithm, based on GPS satellite telemetry, accounting for these known features of movement behaviour, to determine when a dispersing Golden Eagle Aquila chrysaetos had settled on (occupied) a prospective breeding territory, to estimate AFTS. We cross-checked these remote estimates with field-based observations of territory occupancy when possible.

Using this tool, with field validation, and other data to estimate AFTS, we examined two hypotheses in a resident Scottish population. Our first hypothesis was that AFTS would be lower in territories which were new or unoccupied, as opposed to territories which were occupied (and thereby presumably defended). More youthful AFTS in an open (undefended) territorial landscape has been a notable feature of several reintroduction projects as these involve expanding populations (Morandini et al., 2019). Early AFTS is also, similarly, indicative of a territorial landscape free of occupants due to other causes. These causes typically involve persistent deaths of sub-adults and notably, adults, from persecution or other adverse anthropogenic influences (Balbontín et al., 2003; Whitfield et al., 2004a,b; Penteriani et al., 2005a,b). This can in turn indicate prospective population decline or unfavourable conservation status (Penteriani et al., 2005b; Whitfield et al., 2006).

Our second hypothesis was that birds which initiated dispersal earlier would be of higher quality (Ferrer, 1993a; Walls and Kenward, 1995; Wood et al., 1998), although see Balbontín and Ferrer (2005). As an influential measure in lifetime reproductive success (Newton, 1989) AFTS should consequently be earlier in birds which began dispersal earlier if they were of higher quality.



MATERIALS AND METHODS


Study Site and Species

Scotland is a small country (c. 80,000 km2) on the north-western edge of temperate Europe, composed of a wide range of land forms and with numerous islands predominantly on its western edge. In 2015 there were about 500 occupied Golden Eagle territories in the Scottish uplands; mainly in regions known as the Highlands and Islands (Hayhow et al., 2017). Territorial Golden Eagles in Scotland are year-round residents (Watson, 2010). Young eagles, after departing from their natal territory, often travel thousands of kilometres during the subsequent dispersal (transience) phase, almost always remaining within Scotland (Watson, 2010; Weston, 2014; Whitfield and Fielding, 2017) on a non-migratory basis (cf higher latitude populations: Kochert and Steenhof, 2002; Sergio and Whitfield, 2021).

The natal dispersal phase (or juvenile dispersal: Ferrer, 1993b; Whitfield et al., 2009b; Weston et al., 2013) may last several years (Watson, 2010). Scotland presents a range of potential territory opportunities for young Golden Eagles from a high-density occupied territorial landscape in the west to – largely through persecution – several vacant potential territories in the east where live food supplies are also apparently greater (Whitfield et al., 2004a,b, 2006, 2007, 2008; Watson, 2010; Hayhow et al., 2017; Whitfield and Fielding, 2017).



Satellite Tagging

Transmitters were fitted to nestlings when they were 50–70 days old, as judged by plumage (Hoechlin, 1976; Peterson, 1997) under appropriate licences granted by Scottish Natural Heritage (SNH) and the British Trust for Ornithology (BTO). Golden Eagles weighed between 3.4 and 5.0 kg at time of tagging and transmitter weights and harnesses were always less than the 3% lower recommended maximum of body weight (Phillips et al., 2003; see also Kenward (2001), Sergio et al. (2015)).

A total of 161 nestlings were fitted with tags between 2007 and 2019. Telemetry data obtained up to mid-November 2020 were used in analyses. Tags were deployed at nests across several regions of Scotland (Fielding et al., 2012; Whitfield and Fielding, 2017). Nestlings were sexed on the basis of biometrics, supplemented by molecular techniques from an opportunistic sample, which confirmed biometric assignations (Weston et al., 2018).

Five Platform Transmitter Terminal (PTT) tag models were used in the present study, the majority manufactured by MTI (Microwave Telemetry Inc., Columbia, MD, United States):


•A total of 80 g North Star (n = 1, 2008). Lithium battery powered tags based on Argos transmission and manufacturer suggested a 3–5 year potential lifespan. Transmitters had a duty cycle that sent daily signals every 3–4 days. Even the best quality Argos locations are approximated c. 150 m accuracy but even these relatively coarse locations have sufficient accuracy to track landscape movements and settlement.

•A total of 105 g GPS/Argos lithium battery tags (n = 21, deployment years 2007–2015). These transmitters only provided one GPS fix per day and transmitted every 10 days. The battery life of transmitters was suggested by MTI to be 2.5 years.

•A total of 70 g solar powered GPS/Argos transmitters (n = 83, deployment years 2007–2019). GPS fixes and transmissions cycles adjusted by pre-programmed fix rate and transmission schedule (duty cycle): maximum fix rate was hourly during daylight hours. Longevity of transmitters was suggested at ≥3 years by MTI.

•A total of 70 g solar powered GPS/GSM transmitters (n = 46, deployment years 2014–2019). Transmission is over the mobile phone (GSM) network and GPS fix rate is dependent on battery charge (dynamic adjusted fix rate dependent on battery charge from 1 per minute to 1 every 2 h). Transmissions are attempted to GSM network twice daily. Longevity of transmitters was suggested at ≥3 years by MTI.

•A total of 95 g solar powered GPS/GSM transmitters (n = 11, deployment years 2016–2018): manufactured by Movetech Telemetry, Norfolk, United Kingdom. GPS fix rate was dynamic on battery charge and no tag longevity information was provided by manufacturer.



All transmitters were fitted using a harness of 13 mm Teflon Ribbon (Bally Ribbon Mills, Bally, PA, United States) using a “X harness method,” otherwise described as a “crossover wing harness” (Thaxter et al., 2016) or “Garcelon-type harness” (García et al., 2021). Fitting involved a breakaway feature within the harnesses by stitching through ribbons with either cotton or linen thread at the central point over the sternum (Kenward, 1987, 2001; García et al., 2021) intended to remain attached for the expected 3–5 year natal dispersal period of this species (Urios et al., 2007; Watson, 2010) and manufacturer’s expected transmitter lifespan.

Satellite tagging should not have adverse effects on study individuals (Sergio et al., 2015, 2018). García et al. (2021) found no adverse effects of our tag harnessing method in many large raptors, including Golden Eagle. There was no evidence of adverse effects of tagging in our study under physiological, behavioural or demographic evaluations (Whitfield and Fielding, 2017).



Identifying Age of First Territory Settlement

Analytical rules, using satellite telemetry, were devised to determine when a dispersing Golden Eagle had settled on (occupied) a prospective breeding territory. This settlement metric conceptually aligns terminology and research concerned with natal dispersal, and broader population dynamics, notably recruitment to a breeding “population” via territory occupancy through settlement (Supplementary Appendix A). Our algorithm was based on three assumptions, which included accounting for possible confounding factors, such as use of TSAs and territorial excursion behaviour (further details in Supplementary Appendix A).

Assumption 1: If the bird is settled on a territorial home range, prospective for breeding, its movements should be relatively restricted spatially, but with temporal longevity, after accounting for possible confounding factors (see above, Supplementary Appendix A, and later Assumptions). 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. This assumption was confirmed in the movements of known settled territorial birds (n = 14) satellite tagged in a separate study in Scotland (Supplementary Appendix A).

Assumption 2: If a bird is settled on a territory its movements will be constrained. This can be measured by a threshold distance moved since the last location. Each date, for which records are available, can be summarised by a median location. Median values are preferable to mean values, to account for occasional ex-territory exploratory movements. A value of 10 km as a threshold distance to the last median location was consistent with the movements of known settled territorial birds (n = 14) satellite tagged in a separate study in Scotland (Supplementary Appendix A). This value is also consistent with the typical range use of Scottish territorial birds derived from earlier less accurate methods (McLeod et al., 2002; Haworth et al., 2006). Additionally, 24 h median locations usually showed a greater spatial dispersion than nocturnal counterparts, and so were less reliable indications of average location (through greater standard errors). GSM tags can generate substantial data (maximum was 335,000 over 1,333 days). Although the algorithm works using each location record (e.g., the full 335,000), it is computationally much more efficient using median locations (e.g., the 1,333 median locations).

Assumption 3: Despite Assumption 2, settled birds have excursive flights outside their range (Watson et al., 2014; Whitfield, 2019), beyond the Assumption 2 distance threshold. However, these are of relatively short duration so distance travelled should be averaged over a period of days. A value of 10 days was consistent with the movements of 14 settled tagged adult birds, as referenced under prior Assumptions and in Supplementary Appendix A.

All data processing was undertaken in R (v3.4.0) (R Core Team, 2019). Tag data were pre-processed so that each date with location records was summarised by the median location. Dawn and dusk were estimated for each record according to its location and date using the R suncalc package (v 0.5.0) (Thieurmel and Elmarhraoui, 2019). A record between dawn and dusk was a day time record; after dusk and before dawn, a nocturnal record. Records between midnight and dawn were assigned to the previous day otherwise changes in roost locations between nights would result in spurious locations when calculating the median location from nocturnal locations. We preferred nocturnal data for several reasons, outlined under Assumption 1 and 2 above. Data processing time was also markedly reduced (Supplementary Appendix B).



The Algorithm

The AFTS algorithm has five stages, beginning with identifying the centre of a putative territory. If a bird is settled, its median location over the last 20 days should be a reasonable approximation. A better approximation is possible once settlement has been established.

The second step works backward in time from the last record finding, for each day, the distance from its median location to the median location 10 days earlier, as defined under Assumption 3. If one exists, a date is identified when the distance between days, 10 days apart, is less than the Assumption 2 threshold of 10 km. This is the putative settlement date. If no such date exists the bird has not settled yet.

The next two steps are checks on this putative settlement date. First, the settlement period must be at least 30 days in duration. Secondly, there is a check to ensure that the start of the settlement period is not part of prior TSA movement behaviour or a transient out-of-territory excursion, including possible mate-searching behaviour on mate loss. This check moves the putative settlement date backward in time, before the putative settlement date, to ascertain consistency. If the putative settlement date does not pass these checks then the bird has not yet settled.

Finally, the distances moved are plotted against date. Settlement is always clear as a sharp decrease in the average distance moved. All records are plotted, along with the Minimum Convex Polygon (MCP) for records after the putative settlement date, to verify visually that the conclusion appears sound as regards a bird settled on a specific space typical of the extent of a territory. While the algorithm intends a purely mechanistically objective tool, this final step provides visualisations to check that its outcomes are realistic to practitioners experienced in the biology of the study’s subject.

The R code for the algorithm and all associated steps is in Supplementary Appendix B, and is for nocturnal data, although it is possible to use 24 h data.



Field Validation of Territory Occupation

We used field observations to validate telemetric determinations of territory settlement through occupation. As a minimum, this required records of nest building activities involving a bird with a satellite tag (through visual confirmation of the tag’s aerial) which was apparently paired with a partner within the territory in question (i.e., “territory occupation”: Hardey et al., 2013; Hayhow et al., 2017; Steenhof et al., 2017; Gjershaug et al., 2018). Additional observations of breeding such as eggs laid, incubation behaviour, and/or chicks or fledgelings were also noted whenever possible ensuring minimal disturbance under licenced observations (Hardey et al., 2013).

Marshalling field observations across a country could not match the frequency of telemetric records, and consequently relevant field observations could inevitably only be undertaken later than any estimate of a territory settlement date derived from telemetry. Field observations were also typically undertaken at particular times of the year (Hardey et al., 2013; Hayhow et al., 2017). In addition, beyond nest building, young large raptors are typically less likely to reach any of the reproductive stages leading to fledging than in their later years or in older birds (Steenhof et al., 1983; Sánchez-Zapata et al., 2000; Pedrini and Sergio, 2001; Whitfield et al., 2004a; Azpillaga et al., 2018; Murgatroyd et al., 2018). Hence our analytical cut-off date could also reduce the availability of field evidence of egg-laying through to fledging, i.e., for young eagles which settled on a territory late in the study period there was a lower likelihood of field recording of reproductive activities beyond nest building.



Documenting Territories’ Prior Occupation Status and Dispersal Date

There is a rich historical database of known Golden Eagle territories in Scotland from several national censuses and prior records (Dennis et al., 1984; Green, 1996; Hayhow et al., 2017). Periodic censuses are supplemented by annual efforts undertaken 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: Challis et al., 2018). For territories which were deemed to be settled by tagged birds both sources were consulted, with an emphasis given to annual surveillance from local SRSG expertise to classify the occupied status immediately prior to the time when the algorithm had estimated AFTS. Blind to hypothesis 1 (see section “Introduction”), SRSG workers were asked to provide information on prior occupied status. Data on prior occupation were cast into two classes on the absence/presence of an occupied territorial opportunity: new/unoccupied and occupied:


1.New: a territory that was unknown from any prior data. Unoccupied: a territory that was known historically but which was not occupied prior to evidence of AFTS from telemetry data. Hereafter such territories are termed vacant.

2.Occupied: a territory that was known to be occupied prior to evidence of a new bird’s settlement through remote data on AFTS. On occasion, historical territories may also be amalgamated through occupants of one territory subsuming the neighbouring land of a former territory into their range use (Whitfield et al., 2007, 2008). If data indicated prior amalgamation, we also classed as occupied the territory identified by the algorithm with a newly settled bird.



Dispersal initiation date of tagged birds was estimated using “method 7” of Weston et al. (2013). Fledgeling date was crudely assigned as 1 August (Watson, 2010; Weston et al., 2018) which with estimated dispersal date initiation allowed an estimation of PFDP (Weston et al., 2018). We could not age nestlings precisely, due to a reluctance from licencing authorities to approve accessing nest sites at critical junctures early in the breeding season. Later, plumage features allowed crude ageing when birds were tagged (50–70 days old: see above). The imprecision in ageing (by a few days), however, was minimal in contrast to the variation in weeks and months which characterised the time spent on natal territories before dispersal initiation. Hence, because the end of PFDP (Weston et al., 2013, 2018) spanned a greater period than was possible at its beginning, our less precise assignation for its beginning (1 August) should not have been influential.

In preliminary analyses there was no correlation between PFDP and post-dispersal days to the estimated AFTS (r = −0.05, p > 0.1). Splitting the data into vacant or occupied did not change this result (vacant ranges r = −0.29, occupied ranges r = −0.21; p > 0.1 for both). Therefore, in statistical analyses we used the time since dispersal variable as of interest in representing AFTS.



Statistical Analyses

The variable of interest was the number of days taken to settle, since dispersal, and the three possible predictors were: sex of the bird; previous range status (vacant/occupied) and number of days from fledging to dispersal initiation (estimated PFDP). Seven general linear models (GLMs) were constructed using all combinations of the three predictors (single, double, and all three), without interactions. Interactions were not considered because the sample size did not justify a large number of coefficients. The best model was identified via the lowest Akaike’s Information Criterion (AIC) score and was subsequently subjected to tests of model assumptions. We used the lme function from the nlme package (3.1-145), in program R (3.6.1) (R Core Team, 2019; Pinheiro et al., 2020).




RESULTS

The AFTS algorithm determined that 25 satellite tagged birds had occupied a presumptive breeding territory (Table 1 and Figure 1). There were no records of a bird settling in summer (Table 1). Visual checks for these settled birds via MCPs confirmed movements consistent with territory settlement (Figure 2). Within the wider data pool (see section “Materials and Methods”) there were several other birds older or of comparable age which were not assigned as settled by the algorithm (Figure 3). A summary of the ages and status of tagged birds which had not settled at the analytical cut-off of mid-November 2020 is in Table 2. Descriptive statistics on the longevity and status of tags on non-settled birds is in Supplementary Appendix C.


TABLE 1. The 25 satellite tagged birds deemed to have settled on a prospective breeding territory with a summary of subsequent field records at respective putative territories.
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FIGURE 1. Examples for eight tagged birds (identified, upper left above each panel) deemed to have algorithmically settled on a putative breeding territory according to Distance from last locations (km) in the Y axes, against Days since tagged fitted in the X axes. The Y axes values were based on available median nocturnal locations and refer in distance to the median location 10 days earlier. The vertical grey line identifies the putative settlement date and the horizontal grey line shows the Assumption 2 threshold of 10 km (see main text). The “settlement period,” after the putative settlement date, and according to the Assumption 2 10 km threshold, is shown in greyscale. The italicised blue value (in days: top right within each panel) shows the time between tagging and putative territory settlement. The R code in Supplementary Appendix B provides for such plots.
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FIGURE 2. Example plots for eight tagged birds (identified, bottom left in each panel) of Minimum Convex Polygons (MCPs) (in blue transparency) for median nocturnal records post-putative settlement date (dark blue) and with comparable records pre-settlement date (orange) for tagged birds deemed to have settled according to the algorithm. Axes have been re-scaled to zero at origin so as not to reveal geographically explicit reference, for reasons of confidentiality on territory locations. The R code in Supplementary Appendix B provides for such plots.
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FIGURE 3. Examples for eight tagged birds (identified, upper left above each panel) deemed not to have algorithmically settled on a putative breeding territory according to Distance from last locations (km) in the Y axes, against Days since tagged fitted in the X axes. The Y axes values were based on available median nocturnal locations and refer in distance to the median location 10 days earlier. The horizontal grey line shows the Assumption 2 threshold of 10 km for territory settlement (see main text). The italicised blue text (in days: top right within each panel) shows the time between tagging and the study’s temporal data cut-off which were available to ascertain that the tagged bird had not yet settled on a putative breeding territory. The R code in Supplementary Appendix B provides for such plots.



TABLE 2. Summary of the 136 tags not deemed as settled under the age of first territory settlement (AFTS) algorithm at mid-November 2020 (the study’s analytical cut-off date): according to age and status.
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Field efforts on validation of the 25 birds deemed to have settled by the algorithm are summarised in Table 1. Photographic examples of field efforts are in Figure 4.
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FIGURE 4. Photographic examples contributing to field validation of territory occupation: (A) tagged female 148632 attending a nest in central Scotland in early April 2017 where she was building up the nest and paired with male 148640, another tagged bird (Table 1) (Photo: Jonathan Clarke); (B) tagged sub-adult female 57115 (foreground) paired with an untagged sub-adult male in northeast Scotland in July 2017 (Photo: Ewan Weston).


For the 25 birds which the settlement algorithm had deemed as settled on a territory, there were five with no data on field validation, either because of human persecution (Record 1: Table 1), or no available fieldwork effort (e.g., Records 8 and 16: Table 1). For the 20 birds where fieldwork was able to check, however, they were all observed to have occupied a territory (i.e., at minimum having built up a nest with a partner) (BUN: Table 1). These data validated, when validation was possible, the AFTS algorithm method: we found no field evidence which invalidated the algorithmic determinations.

Settled territories were approximately equally split between vacant (n = 13) and occupied (n = 12) with no difference in the mean distance from the natal nest to the settled range centroid [vacant 40.8 km (95% CL 19.9–61.7), occupied 44.3 km (95% CL 22.4–46.6)]. However, distances from natal sites to occupied ranges were less variable for occupied ranges (vacant SE = 9.6 km, occupied SE = 5.5 km). Although insignificant, there was weak evidence that females settled further from their natal sites than males (female mean 51.7 km, 95% CL 37.3–66.1; male mean 34.0 km, 95% CL 15.9–52.1). Geographically there was a tendency for previously vacant territories to be in the east of Scotland (Figure 5).


[image: image]

FIGURE 5. Geographical distribution of territories identified by the AFTS algorithm as newly settled by satellite tagged birds, according to the prior occupation status of the territory (V = vacant, O = occupied). The inset shows the location of Scotland in western Europe.


General linear model analyses showed that only intercepts and previous territory occupation status were significant predictors in any of the models (Table 3). Using AIC, model 2 was marginally better than model 6 (Table 3). There were no issues with the model diagnostics in the AIC preferred model: model 2 predicts that an occupied territory will be occupied 785 days (more than 2 years) later than a vacant territory (Figure 6). Therefore, on hypothesis 1 (see section “Introduction”), analyses indicated AFTS being later in an occupied territory than in a vacant territory (i.e., hypothesis support), and on hypothesis 2 (Introduction), the timing of birds’ dispersal had no influence on AFTS (i.e., hypothesis rejection).


TABLE 3. Results of seven general linear model (GLM) models examining AFTS (days since dispersal to settlement) with three predictor variables: the bird’s sex, the prior occupation status of the territory where a bird settled (vacant or occupied), and the duration of the bird’s PFDP (days to dispersal).
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FIGURE 6. Violin plots of days to settle (AFTS: days since dispersal initiation) with boxplot inserts according to the prior occupation status of the territory where a bird settled (vacant or occupied).




DISCUSSION

Many of the tagged birds we algorithmically determined as having occupied a territory were relatively young, compared to prior expectations (Steenhof et al., 1983; Whitfield et al., 2004b; Murphy et al., 2019). Young Golden Eagles in occupied territories are less likely to reproduce or attempt to reproduce beyond basic occupancy (Steenhof et al., 1983; Sánchez-Zapata et al., 2000; Pedrini and Sergio, 2001; Whitfield et al., 2004a), and presumably thereby spend further years building to reproduction, like the White-tailed Eagle Haliaeetus albicilla (Murgatroyd et al., 2018), which rarely switches territories once settled (Whitfield et al., 2009a). Our dataset was consistent with this post-settlement progression toward reproduction and a shortage of breeding dispersal movements (see also Supplementary Appendix A).

Other studies have used satellite telemetry data when examining AFTS in large raptors (Urios et al., 2007; Cadahía et al., 2009; Murphy et al., 2019). Away from the present study, however, there are no directly comparable studies which have sought to use a set of generic analytical rules based only on telemetric data; without pre-conceptions on when settlement should be more or less likely (Murphy et al., 2019).

Millsap et al. (2014) in analyses of Golden Eagle and Bald Eagle Haliaeetus leucocephalus NDD noted inherent biases in their source ringing (banding) datasets and posited that satellite telemetry data could provide an ideal in overcoming such biases. Murphy et al. (2019) cited this idealised prospect in their research on NDD, based on telemetric data. As noted earlier (see section “Introduction”), however, a potential bias in a telemetric method to assign a date or location to breeding settlement (including our method) lies in the prospect of satellite tags failing mechanically/technically in lifespan before the still-living tagged bird has settled on a territory.

Consequently, as a tool in the study of natal dispersal termination and age of recruitment to “breeding populations” in large raptors, our (or any current telemetric) method is inherently biased by skew away from older settlement ages. This skew opposes that inherent in other non-telemetric methods (including ringing/banding datasets), however. This opposing skew is becoming apparent through telemetric methods which can be independent of traditional field efforts: hence the foresight of Millsap et al. (2014). With continued technological advancement the manufactured lifespan of satellite tags should extend, as it has over recent decades (López-López, 2016) and then the idealised nature of the technology as optimistically espoused by Millsap et al. (2014) and Murphy et al. (2019) could be realised fully.

While necessarily acknowledging a current temporal bias through technological limitation, we suggest that our AFTS method nevertheless provides for satellite telemetry data to document objectively a key juncture in the life history of large raptors, adding to other studies which have also used telemetric data to estimate objectively other critical life history features (Weston et al., 2013; Sergio et al., 2018). The AFTS algorithm is free from pre-conceptions on when putative breeding territory settlement is more or less likely, either by time of year or by age (cf Murphy et al., 2019). It is objectively repeatable, and also adaptable within its assumptions and chosen values, according to biological features of Golden Eagles elsewhere and other large raptors.

Greenwood (1980) suggested that natal dispersal could be classified as either gross (the permanent movement of individuals to a new location irrespective of whether or not they reproduce after settling) or effective (an individual reproduces following dispersal). In our study population, gross dispersal was probably equivalent to effective dispersal. Even though reproduction (the production of fledgelings) was confirmed in a few tagged birds, our study nevertheless suggested equivalency. This was because reproduction beyond settlement/occupation is age-related and may not or rarely occur for some Scottish Golden Eagles even when old (Whitfield et al., 2008) and, notably, breeding dispersal appears unusual (Supplementary Appendix A).

There was strong evidence that prior status of territorial occupancy was highly influential as an opportunity in association with AFTS, such that birds settled younger in vacant territories than in occupied territories. This supported hypothesis 1. The relationship between AFTS and prior territory status where settlement occurred was predictable from previous research (e.g., Balbontín et al., 2003; Whitfield et al., 2004a,b). This research includes reintroduction studies (Evans et al., 1999; Muriel et al., 2010, 2011; Morandini et al., 2019).

Our algorithm allowed documentation of AFTS earlier than most other field-based research when this typically involves large well-established populations. In such large populations, where field monitoring is inevitably spread thin and with few individually identifiable birds, AFTS has been based primarily on observation-only records of settlement age (crudely, by plumage features or – at best occasional - any reading or recovery of metal rings/bands or colour rings/bands or patagial tags) (Steenhof et al., 1983; Whitfield et al., 2004b,2009a,2009b; Murphy et al., 2019). Documenting AFTS by such thinly spread field methods is inevitably delayed often through the timing of field efforts (Hardey et al., 2013; Hayhow et al., 2017; Steenhof et al., 2017; Gjershaug et al., 2018). Such field efforts provided important validation of our AFTS algorithmic approach; but were always later in confirmation than the algorithmic AFTS. Our study has also shown, consequently, the delay in documenting AFTS by field-based methods in the Scottish breeding population.

By contrast to typical field-based monitoring of large established populations, reintroduction projects typically involve a greater capacity to document early AFTS, through smaller population size, greater funding of monitoring (including tagging of all translocated birds), and incentive with expectation that early AFTS should be apparent. Reintroduction projects are typically set up to detect AFTS early, because it is an early indicator of prospective project success. Early AFTS is expected and has been shown (Muriel et al., 2010, 2011; Morandini et al., 2019). Our algorithm has its temporal flaws as acknowledged earlier. However, it allows for detection of AFTS remotely, and independent of differing field-based efforts or the size and status of the monitored population.

Within Scotland, illegal persecution is typically associated with management for driven shooting of Red Grouse Lagopus lagopus scotica and is more prevalent in eastern Scotland (Whitfield et al., 2003, 2004a,2004b, 2006, 2007, 2008; Whitfield and Fielding, 2017). The regional variation in illegal persecution can suppress the number of occupied territories in such eastern areas (Whitfield et al., 2004a,b, 2006, 2007, 2008; Whitfield and Fielding, 2017). With a substantive absence of such persecution in the west (and hence a higher density of occupied territories), this results in a landscape with variable competitive territorial opportunities for non-territorial young eagles. Hence, several open opportunities (vacant territories) occur in parts of the east, but many fewer in the west. Accordingly, in the present study there was an indication that younger settlement was more likely in eastern Scotland than in the west. There were also several examples in our study of how progression beyond AFTS in tagged birds was curtailed by known or likely illegal killing of tagged individuals. These examples occurred in areas previously documented as being prone to illegal persecution (Whitfield et al., 2004a,2007, 2008; Whitfield and Fielding, 2017).

Rejecting hypothesis 2, we found that birds which initiated dispersal earlier (and with a shorter PFDP) did not have an earlier AFTS. Early dispersal initiation has been equated with a bird’s “quality” in some previous studies (Ferrer, 1993a; Walls and Kenward, 1995; Wood et al., 1998) but not all (Balbontín and Ferrer, 2005). AFTS can be a key contributor to future lifetime reproductive success and birds’ fitness (e.g., Newton, 1985, 1989; Brommer et al., 1998). The basis of our second hypothesis was such that early dispersal initiation should consequently be associated with early AFTS.

Our study’s rejection of this hypothesis could have several reasons:


(1)Early entry to the dispersal phase is not indicative of quality in terms of ability to find a territorial opportunity when younger.

(2)Related, several young eagles in Scotland have a prolonged PFDP up to, at extreme, when their parents are actively involved in the following year’s breeding attempt (present study and Weston et al., 2013, 2018: see also Murphy et al., 2017). Extended PFDP may be a mechanism by which, in staying in a safe haven (natal territory), inherently poorer quality young are better prepared to enter the competitive dispersal landscape (even if later), where survival and gaining a territorial foothold should be priorities, and/or.

(3)Our study involved regional variation in vacant territorial opportunities (hence support for hypothesis 1). The capacity for birds’ settling on such opportunities was probably at least partially regionally based, and probably partially related to an inherent “philopatric pull” as revealed by NDD measures we recorded, which are not dissimilar to those documented elsewhere (Millsap et al., 2014). In other words, in our study system a bird’s “quality” insofar as AFTS may also have been influenced by where it started dispersal and how it dispersed geographically.



Hence, while our rejection of hypothesis 2 superficially dispelled a notion that an early dispersal initiation is equivalent to high quality of the disperser regarding AFTS, we urge further research on this issue. This should include that a prolonged PFDP, rather than a rapid initiation of natal (juvenile) dispersal, may be adaptive in bolstering young eagles’ capacity to cope with a competitive environment during natal (juvenile) dispersal.
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OPS/images/fevo-10-743598-t002.jpg
Status Age of tag

1 2 3 4 5 6 7 8 9
Malfunction 7 v 6 8 1 0 0 0 0
snmf 21 21 2 0 0 0 0 0
Still tracking 11 19 14 5 6 0 0 1

Age is given in years, time since tagging: year 1 = first year after tagging, year
2 = second year after tagging, etc. Status is under three broad categories:
Malfunction, tag failed because of technological failure;, snmf, stop no malfunc-
tion fate, i.e., the tag suddenly stopped working indicative of human persecu-
tion interference (details in Whitfield and Fielding, 2017); and Still tracking,

without settlement.





OPS/images/fevo-10-743598-t001.jpg
Record TaglID (sex) Tagging date Settlement date Initial field evidence of Later evidence of occupation and breeding status

occupation

1 286611 (F) 08 August 2007 10 April 2009 No information: bird No information: bird poisoned before field survey effort
poisoned July 2009

2 57115 (M) 29 June 2010 23 October 2011 BUN (2012) NB (2013, 2015), BUN (2017), and E1 (2018)

3 84135 (F) 07 July 2010 15 December 2011 BUN (2013) E2 (2014, 2015, 2018) and F1 (2016, 2017)

4 21197 (F) 25 June 2010 23 January 2013 E1(2013) NB (2014)*, E2 (2016), F1 (2015, 2017), and F2 (2018)

5 89251 (F) 05 July 2011 17 December 2014 BUN (2015) E2 (2016). Tag malfunctioned late 2016

6 57109 (M) 28 June 2010 20 February 2015 BUN (2015) F1 (2016, 2017), F2 (2018), F (2019). Dropped tag recovered 2020.

7 129012 (M) 04 July 2013 07 April 2015 BUN (2017) BUN (2018) at original and alternative nest sites

8 120196 (M) 04 July 2013 10 April 2015 No information No information

9 89279 (F) 30 June 2011 16 February 2016 E2 (2018) Dropped tag recovered June 2018

10 129005 (M) 01 July 2013 29 August 2016 BUN (2017) E2 (2018)

11 129008 (F) 26 July 2014 12 November 2016~ BUN (2017) E (2018)

12 148632 (F) 26 June 2015 14 February 2017 BUN (2017) Paired with 148640: probably killed July 2018**

18 148640 (M) 11 July 2015 20 February 2017 BUN (2017) Paired with 148632: probably killed December 2017***

14 148635 (F) 27 June 2015 10 March 2017 BUN (2017) E1 (2018)

15 148639 (F) 29 June 2015 02 May 2017 BUN (2017) F1(2018)

16 51888 (M) 18 July 2014 04 February 2018 No information No information

17 334 (M) 24 July 2016 25 September 2018  BUN (2018)*** E (2019) and F (2020)

18 100 (M) 22 June 2014 22 March 2019 BUN (2020) No information

19 129006 (M) 05 July 2013 15 January 2019 F (2019) F1 (2020)

20 656352 (M) 20 June 2008 31 March 2012 BUN (2013) No information

21 660 (M) 24 July 2017 06 January 2019 BUN (2020) E2 (2021)

22 809 (F) 24 June 2016 24 May 2020 No information No information

23 102 (F) 02 July 2008 07 February 2012 E (2012) E (2013, 2014, 2020) and F1 (2015, 2016, 2017, 2019)

24 815 (F) 28 June 2008 01 March 2014 E (2015) E (2016-2020)

25 932 (M) 10 July 2017 07 October 2019 No information No information

BUN, built up nest and paired; E, eggs laid (1 or 2 gives recorded number); F, fledged offspring (1 or 2 gives recorded number); NB, not breeding.

*Tag likely malfunctioned February 2012. Tagged bird recorded on site later in the year and associated with BUN, but not in later years. Evidence of breeding activity in
years after 2012 likely involved different birds: high turnover involving sub-adult birds at this site before and since 2012 may be indicative of persecution.

**Apparently with a new male in 2014 on plumage. Tag of the female (21197) dropped and recovered late April 2014. Observations suggested from ring (band) presence
that it was the same (formerly tagged 21197) female at the site in subsequent years.

**Stop no malfunction fate, indicative of suspicious cessation of tag transmissions and, likely, kiling of the bird and destruction of the dead bird and its tag
(Whitfield and Fielding, 2017).

****Field-checked in December 2018, when the tagged male was seen with a female at a new built up nest. He had been seen earlier with (probably) a different female
in a different location associated with an abandoned common buzzard Buteo buteo nest that had been added to. The settlement algorithm did not assign the telemetry
data associated with this earlier period of “pre-settlement” behaviour as having settled on a territory.
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