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Background 

Greenland white-fronted geese Anser albifrons flavirostris are entirely restricted to Great 
Britain and Ireland during the winter. Following a period of increase in the 1980s and 1990s, 
the global population has declined rapidly; by 2015 the population stood at ca.19,000 
individuals, representing a decline of 47% in 16 years and qualifying the sub-species as 
globally Endangered. The decline has been particularly sharp at Islay, where numbers fell by 
70% over the same period, to under 4,000 individuals in 2015. Conversely, numbers at the 
other core site, Wexford Slobs in Ireland, have remained broadly stable over the same period. 
 
This raises urgent questions regarding the reasons for the Islay decline. This project aimed to 
investigate the changing distribution of the population on the island. In addition, it aimed to 
examine potential causes of decline, first by investigating habitat selection by white-fronts and 
how this relates to that of Greenland barnacle geese, a potential indirect competitor. Secondly, 
by evaluating the impact of legal disturbance and shooting of Greenland barnacle geese on 
the movements and behaviour of wintering white-fronts. 
 
Main findings 

 Annual productivity among Greenland white-fronted geese Anser albifrons flavirostris 
wintering on Islay tended to be higher than that of birds wintering at Wexford, Ireland and 
other Scottish sites (data provided by SNH, the Greenland White-fronted Goose Study 
[GWGS] and Irish National Parks and Wildlife Service [NPWS]), and this has been an 
increasingly strong trend in the 10 year period since 2005. This finding is striking in view of 
the rapid decline of the Islay population while the Wexford population has remained stable 
during the global decline. 

 Annual productivity values and the observed population counts (provided by 
SNH/GWGS/NPWS) were used in deterministic models to estimate apparent annual 
survival of the Islay and Wexford populations. These models indicated that, in order to 
replicate the observed population trend on Islay since 2001, the best fit apparent annual 
survival was 82.8%, whereas at Wexford it was 92.4%. This is a very large difference in a 
long-lived species, and implies that, despite higher productivity, the Islay population 
suffered either far higher annual mortality, or far higher net emigration, than Wexford. 

RESEARCH REPORT 

Summary 



ii  

Recently published analyses (Weegman et al., 2016) suggest that the Wexford population 
may receive very large net immigration. At both sites, annual survival did not show any 
indication of a trend over time since 2001. 

 A mark-resight programme has been established for Greenland white-fronted geese on 
Islay, which will, in due course, provide independent estimates of apparent annual survival 
and immigration/emigration rates. Such programmes require more than two years to deliver 
robust survival estimates, but an initial analysis, assuming survival was constant across 
marked cohorts and years, and a 100% resighting probability, estimated apparent annual 
adult survival on Islay as 74.0% (95% CI by bootstrapping 63.6-84.4%). 

 At the start of the wintering period, body condition as measured by abdominal profile indices 
(APIs) was higher at Wexford than Islay (2013/14 and 2014/15; WWT and NPWS data). 
However, by late winter the difference between the sites had disappeared, indicating that 
the Islay birds ‘caught up’ with the Wexford birds while on the island. Between-site 
differences in phenology may confound this comparison but between-site individual 
observer differences, with both observers having trained together, were not thought to be 
an issue for this measure of body condition. Notwithstanding this, it appears that Islay birds 
arrive at their wintering quarters in lower body condition than Wexford birds, at least during 
the two study winters in question, which is surprising in view of the shorter migration 
distance that they cover but is perhaps the result of a difference in autumn staging 
conditions in Iceland. Irish birds tend to use the western lowlands around Hvanneyri where 
a reserve provides a safe, protected foraging area, whereas Scottish birds tend to reside 
in the southern lowlands where disturbance pressure from greylag goose Anser anser 
hunting may be high.  

 There was a very clear effect of Greenland barnacle goose Branta leucopsis shooting 
disturbance upon the time-energy budgets of Greenland white-fronted geese on Islay. 
Effects were proportional to the distance from the disturbance, and became detectable 
where shooting occurred within a radius of ~800 m of Greenland white-fronted goose flocks. 
Greenland white-fronted goose flocks disturbed by shooting were prone to flushing, and 
when not flushed tended to reduce feeding time and increase vigilance for 3-5 minutes after 
the event. This effect was visible in the substantially increased distance travelled by GPS 
tracked birds during periods when they were in proximity to shooting disturbance events. 
The effect of shooting disturbance on Greenland white-fronted goose behaviour was much 
more acute than other causes of disturbance such as road or farm vehicles or birds of prey. 
Marksmen vehicles also caused considerable disturbance, presumably because the geese 
learned to associate them with shooting. 

 However, modelling of the location of Greenland white-fronted goose flocks and shooting 
disturbance events in space and time indicated that, on average, it was very rare for 
individual Greenland white-fronted geese to suffer a shooting disturbance event in close 
spatial proximity. Because shooting disturbance is rare relative to other causes of 
disturbance, overall it did not add substantially to the burden of disturbance to Greenland 
white-fronted geese on the island. However, this does mask large spatial variation in 
disturbance intensity: in certain localities shooting intensity was particularly high and 
Greenland white-fronted geese in such areas may have suffered a major increase in overall 
disturbance rates. It is also important to note that these conclusions are based on the 
observed disturbance intensity during the study winters; changes in this intensity may 
change the significance of the disturbance. 

 There was no evidence that Greenland white-fronted geese switched to suboptimal habitat 
after being in proximity to shooting disturbance events. Further, analysis of field count data 
indicated that Greenland white-fronted geese were positively associated with high shooting 
intensity areas, even when other habitat variables were taken into account. It is possible 
that disturbance of barnacle geese creates feeding opportunities for Greenland white-
fronted geese. However, it is perhaps more likely that shooting occurs mainly in areas with 
high numbers of barnacle geese, and that this serves as a proxy for good feeding conditions 
for geese (including Greenland white-fronted geese) in ways that are not captured by our 
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other habitat variables. Alternatively, this could also be an artefact of the resolution of SNH 
count data or the goose occurrence measure used in the analysis. Further investigation is 
required to help clarify this link between shooting disturbance and feeding habitat selection. 

 No effect of shooting disturbance on body condition of Greenland white-fronted geese was 
detected, insofar as birds in heavily disturbed areas did not have low API. Data are not yet 
sufficient to examine any effects on survival or subsequent productivity (via carry-over 
effects). 

 Greenland white-fronted goose habitat selection was assessed at a fine-scale (between 
points within fields, using GPS telemetry fixes and vegetation survey data) and a broad-
scale (between fields, using SNH flock count data and satellite-derived habitat data). At the 
fine-scale, Greenland white-fronted geese tended to select grassland areas more than mire 
areas. Within these grasslands, they were strongly associated with less improved and 
wetter areas, and there was selection for herb-rich, rather than rush-dominated patches. 
Without detailed diet analysis, we do not know how this relates to food plant selection vs 
selection of appropriate sward structure. 

 At the broad-scale, Greenland white-fronted geese primarily selected improved grassland, 
and in particular recently re-seeded pastures. Within grass fields, they strongly selected for 
relatively dry fields, with high NDVI (a measure of green-ness, and hence grassland 
productivity). They also showed strong selection of barley stubbles. They were associated 
with low altitude fields that were near to human infrastructure and near to roosting habitat. 
This broad-scale pattern was in partial contrast to the fine-scale selection of wetter, herb-
rich patches. However, it was notable that there was relatively strong selection of more 
permanently wet, herb-rich fen pasture fields, which is probably analogous to the wet, herb-
rich patches selected at the fine-scale, and less strong selection for seasonally inundated 
wet pasture fields, which are analogous to the rush-dominated patches that are avoided at 
the fine-scale. We suspect that overall, there is selection of relatively nutrient-rich, low-lying 
and sheltered fields, but that within these, there is selection of wet, herb-rich patches. 

 At the field-scale, Greenland barnacle goose habitat selection was strikingly similar to that 
of Greenland white-fronted geese, implying that it is not straightforward to provide habitat 
for the latter without also favouring the former. Barnacle geese selected reseeded and 
improved grasslands. They preferred drier fields, with high NDVI, at low altitude. They 
showed proportionately less use of wet pasture-fen, and of barley stubbles than Greenland 
white-fronted geese.  

 Greenland white-fronted goose roost sites on Islay were mapped in 1993/94. Repeat 
surveys during the current study indicated that Greenland white-fronted goose roost sites 
have remained consistent over time, despite the island-wide reduction in the numbers of 
birds. A small number of roosts have apparently been extirpated – though this may reflect 
sampling error - and a few new roosts were found. The most striking change has been the 
development of the Aoradh floods – inundated rush pasture - roost site at RSPB Loch 
Gruinart, which is now the single most important roost site on the island. On Islay, except 
for this RSPB site, Greenland white-fronted geese roost on mire/quaking bog habitat in 
unenclosed moorland. They rarely roost on large waterbodies. 

 Compared to observation effort alone, GPS tracking data revealed that roost sites are 
larger and less discrete than previously described. Greenland white-fronted geese are 
mobile at roosts, both within- and between-nights, and range widely over mire/quaking bog 
patches on moorland. 

 Several lines of evidence indicate that mire/quaking bog roost sites were also used for 
feeding on a range of plant species by Greenland white-fronted geese, representing an 
additional food resource to those provided by agricultural habitats. Furthermore, night-time 
feeding on agricultural fields was relatively frequent and more prevalent during moonlit 
conditions. 

 We mapped roost-feeding site linkages for Greenland white-fronted geese, using direct 
observation and GPS tracked birds, and these added to the previously collected 
observations. However, we did not find one-to-one correspondence between discrete roost 
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sites and discrete feeding areas, which would have indicated that the population was 
divided into distinct geographical ‘catchments’. Rather, birds feeding in a given area may 
have originated from a wide range of roost sites, weighted towards those that were closest; 
the reverse applied to roost sites. 

 Individual GPS tracked Greenland white-fronted geese showed fidelity to home-ranges 
within Islay over the course of each winter, but occasional large-scale shifts of home-range 
were noted. 
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1. INTRODUCTION 

1.1 Project background 

The Greenland white-fronted goose Anser albifrons flavirostris breeds solely on low Arctic 
tundra on the west coast of Greenland between 64˚ and 73˚ N (Figure 1). It migrates through 
lowland agricultural and wetland areas of southern and western Iceland in spring and autumn, 
staging there for at least a month from late March to early May and in autumn from mid-
September to late October or November and even December in some years. The entire world 
population winters in Britain and Ireland, with approximately half in Britain where the birds are 
distributed, as of 2015, across about 30 extant sites (including Islay as a single “site”) in the 
northwest of Scotland and Wales within the milder and wetter oceanic climate zone. About 
two thirds of these sites hold less than 100 birds each. All have been declining at rates typically 
between 30-60% during the period from 1999-2015. In Ireland, as of 2015, there are about 25 
extant sites, mainly in the northwest though the largest extant site is found on the reclaimed 
agricultural ground of the Wexford Slobs reserve in southeast Ireland. The numbers at the 
Wexford site have remained relatively stable compared to most other UK sites at about 8,000-
10,000 birds during the same 1999-2015 period. 
 
 

 
 

Figure 1. World range of the Greenland white-fronted goose (adapted from Stroud et al. 2012). 
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The Greenland white-fronted goose is globally Endangered, due to a population decline of 
~47% in 16 years from ~35,700 birds in 1999 to ~19,000 in 2015 (equivalent to approximately 
two generations) (Stroud et al. 2012). The UK has a very high responsibility for the 
conservation of the taxon. It is therefore urgent that the cause of the global decline is 
understood, and appropriate interventions are made to recover the population. 
 
Islay, Argyll, Scotland is the southernmost island of the Inner Hebrides lying 40 km north of 
the Irish coast. It has an oceanic climate and snow rarely settles in the winter. The majority of 
the island including all of the ground above about 250 m is a mosaic of heath and bog habitat. 
The lower lying areas have been converted to intensive agriculture with a mix of sheep and 
cattle pastures and some grain growing areas with some fields of beet. 
 
Islay formerly supported ~35% of the global population of Greenland white-fronted geese, with 
counts as high as ~13,600 birds as recently as 1999. However, counts on Islay have declined 
by just over 70%; a much more rapid decline than the global average, and, in 2015, the spring 
census count was below 4,000 birds. Hence it is imperative that the especially acute decline 
on Islay is diagnosed and any possible solutions identified. 
 
Most previous research has concentrated on establishing the international flyway of this sub-
species, the stopover sites it uses and the foods and dynamics of the birds at those sites. A 
long-term marking study was developed at Wexford over 30 years and so most of our 
understanding about Greenland white-fronted goose ecology on the wintering grounds comes 
from analysis of the data gathered at that site. There has been very little sustained study of 
the birds at Scottish sites. Due to concerns about the trajectory of the global population, and 
as advocated at the African Eurasian Waterbird Agreement (AEWA) action planning meeting 
held on Islay in 2009, a marked population was initiated at Loch Ken in Dumfries & Galloway 
in 2008 and since then marking at this site and other sites such as Islay (at ~10 sub-sites) and 
West Freugh, Stranraer, have been instigated. With sustained catching and marking effort 
over the next five to ten years, these populations should reveal some of the key demographic 
traits of birds wintering in Scotland for comparison with the Irish birds with respect to survival, 
reproductive success and dispersal rates to or from other sites. Initial indications are that at 
least some of these key demographic rates differ from those recorded at Wexford. 
 
Recent population models indicated that there is a complex, but poorly understood 
metapopulation of Greenland white-fronted geese in the wintering range (Weegman et al. 
2016) with sites linked by strong immigration and emigration dynamics. Thus, events at one 
wintering site may have a strong impact elsewhere in the range, and it is important to develop 
a better understanding of these processes. 
 
Population demographic data along with collar sightings are collected predominantly through 
a network of volunteer observers at all known Greenland white-fronted goose wintering sites 
in the UK and Ireland. These data are collated by the Greenland White-fronted Goose Study 
(GWGS) as facilitated by Tony Fox (ADF) and Ian Francis and summarised, along with the 
Irish National Parks and Wildlife Service (NPWS) data collected and collated by Alyn Walsh 
(AW) and David Norriss, in an annual report produced under sub-contract to WWT. The 
following report has drawn on these GWGS/NPWS data, with permission, and their use is 
highlighted in the appropriate sections. Malcolm Ogilvie (MAO), under contract to SNH, 
gathers data predominantly on annual reproductive success on Islay for Greenland white-
fronted geese and Greenland barnacle geese. Again the report draws on these data as 
acknowledged in the appropriate sections. 
 
On Islay, Greenland white-fronted geese winter alongside a much larger population of 
Greenland barnacle geese Branta leucopsis (>40,000 birds; hereafter ‘barnacle goose’). 
Barnacle goose numbers have increased greatly on Islay over several decades, and they 
graze agricultural grasslands, favouring economically valuable improved and re-seeded areas 
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(Percival & Houston, 1992; Percival, 1993). Consequently they are viewed, by some, as an 
agricultural pest, and attempts have been made to limit their impacts via licensed shooting 
disturbance. 
 
The Islay Sustainable Goose Management Strategy aims to deliver long term sustainable 
goose management on Islay for the ten year period from April 2014 to April 2024. The strategy 
will follow an adaptive management process and will develop a range of actions to manage 
geese on Islay. “The strategy will aim to meet the three key national policy objectives for goose 
management including: 
 
 Meeting the UK's nature conservation obligations for geese, within the context of wider 

biodiversity objectives;  
 Minimising economic losses experienced by farmers and crofters as a result of the 

presence of geese; and 
 Maximising the value for money of public expenditure. 

 
To achieve these aims, the strategy will: 
 
 Develop habitat management techniques to support feeding of white-fronted geese 

through provision of diversionary feeding and management of rush pasture; 
 Ensure that large areas of suitable habitat on Islay are available to geese as undisturbed 

roosting and feeding areas; 
 Maintain a viable population of barnacle geese at a level which meets UK conservation 

obligations; 
 Reduce damage to grass crops by reducing the number of barnacle geese, therefore 

reducing the impact of geese on the agricultural economy of Islay; 
 Ensure that compensation payments to farmers for goose damage are targeted at the 

most appropriate management activities.  
 
The delivery of goose management under this strategy will seek to ensure a neutral or positive 
effect on tourism interests and on the wider island economy through maintaining large areas 
of undisturbed feeding for geese, no disturbance at roost sites, targeted management for 
Greenland white-fronted geese and incremental reduction of the barnacle goose population 
over a ten year period to minimise disruption to sporting, bird-watching and other interests.” 
 
The sympatry of abundant, protected, barnacle geese and threatened Greenland white-
fronted geese creates challenges for wildlife managers. There is potential for shooting 
disturbance of the former to adversely affect the latter. On the other hand, there is potential 
for inter-specific competition between the two species, with Greenland white-fronted geese 
conceivably suffering a reduction in available food resources due to the presence of barnacle 
geese in numbers that are an order of magnitude higher. Positive management for Greenland 
white-fronted geese might also inadvertently improve conditions for barnacle geese, driving 
further population increase and conflict in that species. 
 
1.2 The current study, 2013/14 to 2014/15  

We studied Greenland white-fronted geese on Islay during the winters of 2013/14 and 
2014/15, working under two SNH research contracts (‘Greenland white-fronted geese Islay 
roost and feeding area survey’, and ‘Greenland White-fronted Geese on Islay: Mapping 
movements, habitat use and behaviour through neck-collars, telemetry & observation’), and 
collated data from previous winters for other wintering areas in Scotland and Wexford. Our 
aim was to facilitate improved conservation management of Greenland white-fronted geese 
on Islay, by answering a number of research questions.  

https://www.nature.scot/professional-advice/land-and-sea-management/managing-wildlife/managing-geese/islay-sustainable-goose-management-strategy
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 What are the demographic rates of Greenland white-fronted geese on Islay, by 
comparison to other wintering sites, and what does this tell us about the causes of the 
recent decline? 

 What are the preferred habitats of Greenland white-fronted geese on Islay, and how do 
these differ from those of Barnacle geese? 

 Where are the current roost sites of Greenland white-fronted geese on Islay, how do 
these link to feeding areas, and how do individual birds use them over the course of the 
winter? 

 Does management disturbance of Barnacle geese e.g. from shooting, cause significant 
additional effects on time-energy budgets of wintering Greenland white-fronted geese, 
above those of other day to day causes of disturbance e.g. road traffic, planes and farm 
management; and if so, can an impact on the birds’ fitness be detected? 
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2. AIMS & OBJECTIVES 
 
2.1 Project 1: Greenland white-fronted geese on Islay: Mapping movements, habitat 

use and behaviour through neck-collars, telemetry & observation 

2.1.1 Objectives 

 To achieve a better understanding of the temporal and spatial movement of geese in 
response to current management activities on Islay and beyond. 

 To have a better understanding of the condition of geese prior to their spring migration. 
 To gather data to inform future management decisions including the possible 

introduction of adaptive management for barnacle geese on Islay. 
 
2.1.2 Outline of activities 

1) Develop demographic and condition monitoring of Greenland white-fronted geese on 
Islay 
 

a) Capture and individual marking by neck-collars of Greenland white-fronted geese, 
with a focus on capture at multiple sites across the island. 

b) Resighting of collared birds on Islay from 2012/13 to 2014/15. 
c) Promotion of resighting effort at other Greenland white-fronted goose sites, and 

collation of resighting data. 
d) Continue annual assessment of juvenile ratios (note: under current SNH 

programme – no extra work required). 
e) Assessment of Greenland white-fronted goose body condition dynamics through 

the winter. 
f) Analysis of survival, productivity and emigration/immigration dynamics, including 

integrating analyses with datasets from Wexford and Loch Ken. 
 

2) Map site use and movement of Greenland white-fronted geese using telemetry 
 

a) Capture birds and deploy Ecotone GPS-UHF telemetry collars. 
b) Obtain stored GPS fixes by remote download from a handheld UHF reader. 

 
3) Assess and compare habitat selection and availability for Greenland white-fronted geese 

and barnacle geese 
 

a) Record sward characteristics in (randomly) selected grassland fields that are used 
with a range of intensity by geese. 

b) Use remote-sensing imagery, other geographical information, and the ground-
truthing (above) to map field characteristics across the island. 

c) Develop models of feeding habitat selection by Greenland white-fronted geese 
and barnacle geese. 

d) Conduct analyses to (1) compare distribution and habitat selection between the 
two species and assess overlap; (2) identify grassland management favoured by 
Greenland white-fronted geese and the potential influence of barnacle goose 
grazing on grassland suitability for Greenland white-fronted geese. 

 
4) Assess impact of barnacle goose shooting/scaring and other causes of disturbance on 

Greenland white-fronted goose behaviour and distribution 
 

a) Obtain data from marksmen on location, timing and outcome of shots. 
b) Insofar as possible, obtain data from licensed farmers on location, timing and 

outcome of shots and scaring activities. 
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c) Map shooting/scaring effort in space and time, and relate this to feeding 
distribution of Greenland white-fronted geese and of apparently suitable 
Greenland white-fronted goose feeding habitat to examine whether there is 
evidence for localised under-use of otherwise suitable areas in response to 
shooting/scaring. 

d) Record Greenland white-fronted goose positions, time-budgets and behavioural 
responses before-and-after shooting/scaring events, and in areas subject to and 
not subject to shooting/scaring activity. 

e) Analyse GPS data for frequency of bird movements during the day in relation to 
intensity and location of shooting/scaring. 

 
2.2 Project 2: Greenland white-fronted geese Islay roost and feeding area survey 

2.2.1 Objectives 

To identify all current roosting and feeding sites for Greenland white-fronted geese on Islay, 
in order to inform the number and range of white-fronted goose roosts on Islay and to 
understand the links between roosting and feeding areas. 
 
2.2.2 Outline of activities 

1) Repeated checks of historic roosts to assess occupancy and numbers 
 

a) A Geographic Information System (GIS) –based map of known roost sites (N = 
52) since the early 1990s will be produced at the outset, primarily using the 
1993/94 data-set, but supplemented by talking to relevant local people (RSPB, 
SNH staff, local amateur ornithologists) about any further information. In addition, 
information about roost locations and/or roost-feeding area linkages that are 
suggested by telemetry or neck-collar reading during the course of the project will 
be followed up with site visits. 

b) Each of these roosts will be visited twice at dawn during each of two successive 
winters (N = 4 visits per putative site in total), with careful attention paid to 
identifying suitable vantage points for maximising visibility and minimising 
disturbance. During these visits, the total number of birds leaving the roost will be 
counted/estimated, with precision of count recorded. A handheld camcorder will 
be available should it prove to be a useful way of recording and then counting 
birds. Where possible, neck-collar resightings will be made. 

c) The area used by roosting birds will be mapped. Where possible, this will be done 
by direct observation of birds on the ground. Where this is not possible due to 
topography and the risk of disturbance, the site will be walked following bird 
departure, and the used area mapped from signs (droppings, trampled area, 
uprooted Eriophorum).  

 
2) Observation of roost-field flight-lines. 

 
a) During dawn visits to roosts, flight-lines of departing birds will be recorded. 

Directions of visible travel for each group of birds that can be recorded will be 
marked on large-scale maps of the area around the roost, along with the number 
of birds in each group (approximate where necessary). 

b) In addition, a smaller number of dusk visits to roosts will be made, to check that 
incoming flight-lines are in agreement with the ‘roost catchments’ that have been 
suggested by dawn flight-lines, field-counts and telemetry. 

 
3) GIS-based analysis of roosts, flight-lines, and field-use data (note: under current SNH 

programme – no extra work required), supplemented by telemetry and neck-collar 
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reading (separate work programme), to map roosts, feeding areas and roost-feeding 
area linkages. 

 
a) Data from the existing SNH goose field-count surveys (N = 15 counts per winter) 

were to be used. Pending more detailed examination of the current form and extent 
of the data, it was anticipated that no extra data-gathering would be needed by 
this project.  

b) Telemetry and neck-collar deployments were anticipated to take place on Islay 
Greenland white-fronted geese during the 2013/14 and 2014/15 winter periods, 
with the data from these activities being used as supplementary evidence for roost-
feeding area linkages. Such data would add value in two ways: first by 
demonstrating unequivocal individual linkages, rather than inferred flock linkages; 
second, by allowing an examination of within-winter (possibly also between-winter) 
movements of birds between roosts and feeding areas. Evidence for the latter has 
been gained by recent WWT telemetry on Islay, prior to the current project, and 
clearly has implications for Special Protection Area (SPA) management. 
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3. METHODS 
 
3.1 Outline 

Data were gathered primarily through fieldwork on Islay by WWT staff during winters 2013/14 
(27/10/2013 – 09/04/2014 inclusive) and 2014/15 (30/10/2014 – 06/04/2015 inclusive), 
supplemented by a smaller body of data gathered by WWT staff during winter 2012/13. In 
summary, the fieldwork comprised bird capture, in order to uniquely mark them with field-
identifiable neck-collars and to deploy GPS telemetry devices on a subset (EMB, CM, LRG 12 
days November 2013; EMB, CM, LRG, 5 days January 2014; EMB, CM, LRG, 12 days 
November 2014; EMB, CM, LRG, 4 days January 2015); subsequent acquisition of GPS-
telemetry data via download to UHF receivers (EMB, March/April 2014, and at regular intervals 
throughout 2014/15 field season); field measurements of body condition (Abdominal Profile 
Index, API (EMB,1-2 days bi-monthly November to March both winters, weekly March/April 
both years) and age ratios (EMB, 4-5 days December/January both winters); behavioural 
observations to determine time-budgets and responses to disturbance (EMB, ~30 days 
November-March both winters); dawn and dusk roost-counts and flight-line evaluation (EMB, 
near daily; weather permitting, November – April both winters). In addition, vegetation surveys 
were conducted in spring 2014 (9-14 June) across 45 fields used by tagged geese in the 
preceding winter (2013/14). 
 
Habitat variables were developed in a geodatabase. Vector maps of landscape features (roads 
and buildings) were downloaded from OS VectorMap District and a 26 m resolution ASTER 
Global Digital Elevation Model (DEM) was obtained. Remote-sensing images were used to 
classify habitat types, and these were ground-truthed by fieldwork in each winter, and in the 
spring 2014 vegetation surveys. The images were also used to derive maps of Normalised 
Difference Vegetation Index (NDVI) and tasselled cap Wetness Index. 
 
We also used goose census data, comprising repeated field-counts of all goose species 
throughout each study winter, conducted by SNH during the Islay Goose Management 
Scheme biweekly field use monitoring and during the International Census periods for both 
key species as part of a monthly co-ordinated count conducted on two consecutive days from 
November to March. Each field on Islay has been coded by SNH to reflect field ownership and 
the island is divided into six main count sections. SNH maintain a GIS of these field codes that 
can then be related to the goose field-counts and habitat measures collected by SNH, such 
as nature of the crops present, year of reseed, stock type and scaring equipment etc. Goose 
census data from winter 2013/14 were used to model field-scale habitat selection by 
Greenland white-fronted geese and barnacle geese, by summarising the data for 3,115 coded 
fields. Comparative API data from the North Slob, Wexford was collected by AW (NPWS) for 
marked birds in the arrival and departure periods in 2013/14 (N = 199) and 2014/15 (N = 116). 
Demographic rates were examined using historic Greenland white-fronted goose count and 
age ratio data gathered and provided/published by ADF (GWGS) and NPWS, SNH and MAO. 
 
3.2 Fieldwork and data collation methods 

3.2.1 Project 1, Activity 1a: Capture and individual marking by neck-collars of Greenland 
white-fronted geese, with a focus on capture at multiple sites across the island 

Eighty-six Greenland white-fronted geese were captured and marked on Islay during 2012/13 
to 2014/15 (including those caught in two catches on Islay funded by WWT in winter 2012/13 
prior to the current project) comprising 68 adults and 18 juveniles, 42 males and 44 females 
(Table 1). All catches were made with cannon-nets. The catches were widely spread over the 
goose feeding areas on the island (Figure 2). Details of catch attempts and individual captured 
birds, including BTO ring numbers, biometrics and group associations are given in Annex 1. 
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A higher number of birds were caught in the pre-project winter (2012/13) due to a particularly 
large catch on a brassica crop, where birds were concentrating and normal ‘family’ territoriality 
was breaking down. Such opportunities can potentially also be achieved on sugar beet crops, 
but during the project winters such crops were rare, and when they did occur, livestock grazing 
on them made it impossible to make a safe catch. Therefore, during the project winters, 
catches were mainly made by baiting small drinking pools in feeding fields with grain. This 
leads to smaller catches. In future, provision of sugar beet patches without grazing livestock 
would be the most feasible way to increase the number of birds caught and marked. 
 
3.2.2 Project 1, Activity 1b: Resighting of collared birds on Islay from 2012/13 to 2014/15 

During the two winters of the project, resighting effort allowed 1,307 collars to be read (this 
includes birds whose leg rings were read instead of the collars and includes a metal-ring only 
bird). Resightings were of 72 individuals marked during the project (including those marked 
on Islay by WWT in 2012/13) (Table 2), and 31 birds which had been marked elsewhere by 
WWT (Loch Ken, Dumfries & Galloway), GWGS (Iceland and Greenland) or NPWS (Ireland) 
from 1997 to 2013. These comprised: six at Loch Ken; three at Ballylawn, Lough Swilly, 
Ireland; 12 at Wexford, Ireland; five at Hvanneyri, west Iceland (spring staging area); and five 
at Issungua, west Greenland (breeding area). 
 
Annex 2 provides details of all resightings of marked Greenland white-fronted geese during 
the project, and associated variables. 
 

Table 1. Numbers, location and demographic status of Greenland white-fronted geese 
captured and marked on Islay, 2012/13 - 2014/15. 

Winter Date 
Site (SNH 
field code Grid Ref. 

Birds captured 
Ad 

males 
Adult 

females 
Juvenile 

males 
Juvenile 
females 

2012/13 12/12/2012 
Ballinaby 
(BB5) 

NR219665 16 14 0 1 

  8/03/2013 
Killevan 
(UK8) 

NR280421 6 4 0 0 

2013/14 22/11/2013 
Gruinart 
(AO18) 

NR278675 1 1 0 0 

 29/11/2013 
Eallabus 
(BE21) 

NR336631 1 0 0 0 

 15/01/2014 
Gearach 
(GE4) 

NR229589 2 2 0 1 

 15/01/2014 
Grulinbeg 
(GG34) 

NR304588 2 3 0 0 

2014/15 20/11/2014 
Ronachmore 
(CT6) 

NR304588 0 2 1 2 

 20/11/2014 
Cornabus 
(BV11) 

NR343458 2 4 5 2 

 29/01/2015 
Eorrabus 
(EO36) 

NR357646 2 2 1 5 

 30/01/2015 
Gortanchuirn 
(BH56) 

NR259617 3 1 0 0 

Total    35 33 7 11 
 
 



 

10  

 

Figure 2. Locations of Greenland white-fronted goose catches, 2012/13 - 2014/15. Sites 
shown include those where nets were set but no catches were made. The number of 
Greenland white-fronted geese caught is indicated in addition to the farm name, SNH field 
code and catch season. Shaded fields are those used by Greenland white-fronted goose 
flocks as recorded by SNH during the island goose counts in winters 2013/14 and 2014/15. 

 
 

Table 2. Resightings of Greenland white-fronted geese marked on Islay during 2012/13 - 
2014/15, by winter. 

Winter marked No. birds marked Resighted 2013/14 Resighted 2014/15 
2012/13 41 27  21 
2013/14 13 N/A 9 
2014/15 32 N/A N/A 

Resightings within the winter of capture are not included. 
 
  

        5km 
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3.2.3 Project 1, Activity 1c: Promotion of resighting effort at other Greenland white-fronted 
goose sites, and collation of resighting data 

We promoted an increase in collar reading effort amongst the local birdwatchers. A condensed 
version of the GWGS recording sheet was produced and distributed on Islay in an effort to 
standardise recording as far as possible. An article in the ‘Ileach’ (Islay local newspaper) was 
published in October 2014 promoting the project, and EMB gave a talk to “The Bird Nerds” 
(the Islay birdwatching group) at their November 2014 meeting.  
 
In order to promote resightings off Islay, articles about the project were produced for the 
GWGS 2014 annual monitoring report for the Greenland white-fronted goose (Burrell et al. 
2014a) and the WWT 2014 edition of ‘Goose News’, the newsletter of the Goose and Swan 
Monitoring Programme (Burrell et al. 2014b). Both articles requested sightings. We cannot 
judge whether this did indeed lead to marked improvement in resighting rates. 
 
Six birds that were marked on Islay as part of the project were resighted off Islay during winters 
2013/14 and 2014/15 (Table 3), indicating movements between Islay and the core site at 
Wexford, but also to other Scottish (Coll, Tayinloan) and Irish (Lough Swilly) wintering sites. 
 

Table 3. Resightings at other wintering sites of Greenland white-fronted geese originally 
marked on Islay during the project (including 2012/13). 

Bird 
Identity 

Location 
marked 

Date 
marked 

Resighting location Resighting date(s) 

4HX Ballinaby 12/12/2012 Cliad, Coll 15/11/2013 
4HK Ballinaby 12/12/2012 Farsetmore, Lough 

Swilly 
6/03/2014 

0HU Ballinaby 12/12/2012 North Slob, Wexford 30/10/2014 – 5/11/2015 
5HK Ballinaby 12/12/2012 Big Isle, Lough Swilly & 

Ballylawn, Lough Swilly 
23/10/2014 & 1/01/2015 

N1X1 Ronnachmore 11/11/2014 Tayinloan, Kintyre 6/01/2015 – 25/03/2015 
S0X1 Ronnachmore 11/11/2014 Tayinloan, Kintyre 6/01/2015 – 25/03/2015 

1 N1X and S0X are part of same family unit. 
 

3.2.4 Project 1, Activity 1d: Continue annual assessment of juvenile ratios  

First year (juvenile) Greenland white-fronted geese can be distinguished from adults by a 
combination of features including the lack of black belly bars, scalloped appearance to the 
plumage on the flanks, lack of white frons around the bill base extending onto the forehead 
and the dark bill nib as well as by size and behaviour within a family unit. 
 
Although annual assessment of age ratios is already undertaken under the existing SNH 
programme, we were interested to examine spatial patterns in productivity of the Islay 
Greenland white-fronted geese, and any relationship to habitat quality or disturbance impacts. 
Consequently, 3,753 birds were additionally aged by EMB during winters 2013/14 and 
2014/15. All ageing was conducted between 6 - 21 January, with the exception of one flock 
sampled in November and two sampled in March 2015. In 2014, 24 flocks were sampled 
(mean flock size = 98, range = 16–218 individuals); in 2015, 12 flocks (mean flock size = 126, 
range = 82–215). In all cases, 85–100% of the flock was sampled, so sub-sampling of different 
areas of the flock (edge, core, etc.) was not required. 
 
In addition, we were able to retrieve age ratios on a per farm basis from WWT data archives 
for the six winters 1987/88 to 1992/93 inclusive, as presented by Ridgill et al. (1994). For 
1991/92 and 1992/93, where we have the raw data, age ratios were collected throughout each 
winter. For 1987/88–1990/91, only summary figures were available and it is unclear exactly 
when the assessments were made. 
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3.2.5 Project 1, Activity 1e: Assessment of Greenland white-fronted goose body condition 
dynamics through the winter 

APIs provide a means of assessing the body condition – specifically abdominal fat stores - of 
wildfowl without capturing them (Owen, 1981). Large numbers of birds can rapidly be 
assessed in the field, allowing body condition changes of subpopulations over space and time 
to be evaluated. On the assumption that birds in relatively good condition (high API) are 
experiencing favourable conditions, inferences can then be made about how factors such as 
habitat quality, disturbance and weather are affecting geese.  
 
APIs were assessed on a 0-4 ordinal scale using intervals of 0.5 (see Owen, 1981). Juveniles 
and adults were assessed separately. This is the standard method used by SNH on Islay and 
by AW at Wexford. EMB took all measurements, and had previously received training from 
AW, which minimised possible observer effects. 
 
On Islay, whole flocks were scanned approximately once every two weeks from November to 
April over two winters (2013/14 and 2014/15). Each fortnightly assessment was conducted 
across a range of flocks over the whole island, over a sampling period of 1-4 days. There were 
14 sampling periods between 4/11/2013 and 7/04/2014, during which 15,711 birds were 
sampled. During 2014/15, 7,086 birds were sampled during 13 sampling periods from 
3/11/2014 to 5/04/2015. 
 
Separately, APIs of individually marked birds were recorded throughout both winters (N = 865 
observational flock scans of 101 different individuals). 
 
Data on APIs at Wexford for the two study winters were obtained from AW. AW estimates API 
of individually marked adult birds, rather than conducting scans of flocks containing unmarked 
individuals. Further, AW estimated APIs during two relatively short time-windows in the winter: 
shortly after arrival at Wexford (late October – late November) and shortly before departure 
(late February – early April).  
 
3.2.6 Project 1, Activity 1f: Analysis of survival, productivity and emigration/immigration 

dynamics, including integrating analyses with datasets from Wexford and Loch Ken 

Individually marked birds were resighted during normal fieldwork activities on Islay throughout 
both winters. Where time permitted, standard GWGS recording procedures were followed, 
which involved noting, for each marked bird that was identified: observer, date, time, field 
code, habitat used, presence of putative mate, offspring, siblings, parents and other 
associates (including their identity if marked), and flock size. 
 
3.2.7 Project 1, Activity 2a: Capture birds and deploy Ecotone GPS-UHF telemetry collars 

Twenty-five GPS telemetry collar devices were deployed on Greenland white-fronted geese 
during 2013/14 and 2014/15, with a further eight having been deployed in winter 2012/13. Two 
further birds upon which backpack telemetry devices were deployed at Loch Ken, Dumfries & 
Galloway in March 2012 spent winter 2012/13 on Islay, providing limited GPS data (Table 4). 
These tri-axial accelerometer backpack tags were fitted to a sample of geese at Loch Ken in 
spring 2012 and 2013 and at Wexford in the same years.  
 
The two birds fitted with telemetry devices at Loch Ken were carrying tri-axial ‘e-obs’ 
accelerometer-GPS logger backpacks with internal aerials and finite batteries (e-obs GmBH, 
Germany). These loggers recorded behaviour-specific body posture movement of the animal 
for a few seconds every six minutes throughout the day, and due to the finite battery, only one 
GPS fix at 16:00 each day. The data were downloaded via a UHF link with the special e-obs 
download station and a Yagi antenna over distances of up to 1 km. They were fitted using a 
single strand of 3 mm shock cord elastic as a backpack harness behind the wings, with the 
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elastic crossing on the underside of the bird in front of the leg joints. The tags were 100 mm 
long, 23-28 mm wide and 15 mm high; the total tag and harness mass was 40 g.  
 
The neck collar GPS-GSM single solar rechargeable devices (Ecotone, Poland) fitted in winter 
2012/13 on Islay were prototype devices that were closed using four small nuts and bolts; 
height 50 mm, internal diameter 45 mm, total mass 44 g. The neck collar GPS-UHF devices 
(Ecotone, Poland) fitted in winter 2012/13 were a mix of single solar and triple 
solar rechargeable devices of the same dimensions as the GSM tags but weighing 30g or 39g, 
respectively. GSM devices download their data via SMS messages when in contact with a 
Mobile Phone Network whereas the UHF data loggers download their data via a hand-held 
Yagi antenna and base station used in the field at up to 1 km range line of sight. The Ecotone 
GPS-UHF and GPS-GSM devices fitted in winters 2013/14 and 2014/15 on Islay were slightly 
more streamlined, lower profile tags, that had a click-shut collar mechanism (of same 
dimensions as previously) without the nuts and bolts, and weighed 26-28g and 28-30g, 
respectively. 
 
Telemetry data are most valuable where the individuals tracked are independent of one 
another. To achieve this, we attempted to deploy devices on birds at a range of different 
catches, in various locations around the island. Ultimately, tags were deployed on Islay 
Greenland white-fronted geese on 10 separate catching occasions (Figure 3, Table 4).  
 
Within a catch, we attempted to deploy tags on birds that were not part of the same social 
group; where possible different family groups were identified under the net at the start of the 
catch although in practice this could be difficult. The birds chosen to receive the tags in 
2012/13 were males because it was felt that these structurally larger birds would be able to 
handle the extra weight of the tags more easily, and because it was felt that backpacks might 
potentially affect copulation. As the tags reduced in weight during product development, it was 
felt that female geese would be able to carry the tags too, and so females were targeted during 
catches in 2013/14 and 2014/15. Only adults were selected for tagging unless it was felt that 
any juveniles caught might represent a different family unit. Any birds with injuries or 
deformities were not fitted with GPS devices. Data were obtained from 16 adult males, 17 
adult females and two juvenile females. 
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Table 4. Summary of Greenland white-fronted geese fitted with GPS telemetry devices, 2012/3 
- 2014/5. 

Catch 
location 

Catch date 
Tracking device 
type 

Number tracking devices fitted 
Ad. 

males 
Ad. 

females 
Juv. 

males 
Juv. 

females 
Total 

Loch Ken, 
Dumfries & 
Galloway 

02/03/2012 
E-obs backpack 
GPS-UHF 

2 0 0 0 2 

Ballinaby 
(BB5) 

12/12/2012 
Ecotone collar 
GPS – GSM 

2 0 0 0 2 

Upper Killeyan 
(UK8) 

08/03/2013 
Ecotone collar 
GPS -UHF 

2 4 0 0 6 

Gruinart 
(AO18) 

22/11/2013 
Ecotone collar 
GPS -UHF 

1 1 0 0 2 

Eallabus 
(BE21) 

29/11/2013 
Ecotone collar 
GPS -UHF 

1 0 0 0 1 

Gearach 
(GE4) 

15/01/2014 

4 x Ecotone collar 
GPS –UHF; 1 x 
Ecotone collar 
GPS-GSM 

2 2 0 1 5 

Grulinbeg 
(GG34) 

15/01/2014 

3 x Ecotone collar 
GPS –UHF; 1 x 
Ecotone collar 
GPS-GSM 

2 2 0 0 4 

Ronnachmore 
(CT6) 

11/11/2014 

1 x Ecotone collar 
GPS –UHF; 1 x 
Ecotone collar 
GPS-GSM 

0 1 0 1 2 

Cornabus 
(BV11) 

20/11/2014 

3 x Ecotone collar 
GPS –UHF; 3 x 
Ecotone collar 
GPS-GSM 

2 4 0 0 6 

Eorrabus 
(EO36) 

29/01/2015 
Ecotone collar 
GPS –UHF 

0 2 0 0 2 

Gortanchuirn 
(BH56) 

30/01/2015 
Ecotone collar 
GPS –UHF 

2 1 0 0 3 

 
 
3.2.8 Project 1, Activity 2b: Obtain stored GPS fixes by remote download from a handheld 

UHF reader 

All tracking devices provided GPS data, and in general the quantity and quality of GPS fixes 
obtained was relatively high considering the low light levels typical of the wintering latitude and 
oceanic weather conditions of Islay (Figure 4). Our primary aim was to obtain data on roost 
and feeding areas during winter on Islay. A large body of data was collected (Table 5).  
 
The Ecotone GPS-UHF devices obtained and stored GPS fixes (and auxiliary data) in on-
board memory and downloaded these to an observer-held base station/Yagi antenna when 
within range (up to 1 km). The tags are solar powered and can last anything up to three years, 
although most last one to two years. Between 32,500 and 64,320 GPS fixes can be stored 
depending on whether information on temperature and battery voltage is also collected. Fixes 
can be stored indefinitely, so the birds can go out of range for many months and data will still 
be downloadable. The frequency with which the tags obtain GPS fixes and attempt to 
download them is programmable before deployment and when on the bird (if in UHF contact). 
The primary limitation on data acquisition is the state of the solar-powered battery. On Islay in 
winter, this is a severe constraint. We made use of this programmability to overcome intrinsic 
variation between tags and variable light conditions. 
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For each GPS-UHF tag we aimed to obtain approximately one fix per hour during daylight, 
and at least one roost fix. This would give good coverage of fields used for feeding throughout 
the day, and a direct roost-field linkage. In general, this was achieved, though fix frequency 
declined in mid-winter and in poor weather. A few tags lost battery charge to the extent that 
they ceased obtaining fixes during December and January.  
 
For the Ecotone GPS-GSM tags, the considerations and limitations regarding the frequency 
of GPS fixes that can be collected each day are very similar. The tags can be programmed 
remotely via the Ecotone website. The limited solar charging opportunities typically available 
on Islay meant that most tags were set to collect GPS fixes either every three or six hours, 
with on and off times also being used to try to avoid extra fixes during the night. The GSM tags 
use more power than the UHF tags and in areas where the GSM network is poor, the tags 
may waste a lot of power trying to establish a connection. Hence in parts of Islay it is not very 
practical to use this type of tag.  
 
The GPS fixes are extremely accurate; under good reception conditions, 95% of fixes are 
within 10 m of true position (Lech Iliszko, Ecotone, pers. comm.). The UHF tags obtained 
speed data (useful for distinguishing flying birds from birds on the ground), but not height data. 
The GSM tags did not collect speed or height data. 
 

Table 5. GPS telemetry fixes obtained during winter from tagged Greenland white-fronted 
geese on Islay during the project. 

Month 

2013/14 2014/15 
Number 
of day-

time 
fixes 

Number 
of night-

time 
fixes 

Number 
of bird-
days1 

Number 
of birds 

Number 
of day-

time 
fixes 

Number 
of night-

time 
fixes 

Number 
of bird-

days 

Number 
of birds 

Oct 99 18 17 1 284 126 44 4 
Nov 175 80 61 4 1,145 743 203 12 
Dec 217 121 65 4 1,186 616 268 13 
Jan 469 303 146 11 662 404 206 16 
Feb 1,023 353 231 11 1,941 692 359 15 
Mar 1,701 444 297 10 3,917 939 423 17 
Apr 757 111 109 11 1,095 584 85 11 

1 bird-days is the sum across all tagged birds of the total number of 24-hour periods for which they 
provided at least one fix. 
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Figure 3. The number of GPS telemetry devices deployed and number of independent cohort 
catch units tracked in each of three winters on Islay (2012/13-2014/15). Numbers in 
parentheses are the number of independent ‘units’, where a unit is a group of birds that are 
members of the same family group. Fields shown in grey were known from SNH flock counts 
to have been occupied by Greenland white-fronted geese during the project. 

 

        5km 
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Figure 4. Longevity of GPS telemetry devices deployed on Greenland white-fronted geese 
2012/13 to 2014/15. Red bars: devices deployed at Loch Ken, 2011/12; green bars: deployed 
on Islay, winter 2012/13; orange: deployed winter 2013/14; blue: deployed winter 2014/15. 
Open bars: device still functional in April 2015; Closed bars: device not functional in April 2015. 

 
Secondarily, we aimed to obtain information on movements outside the winter period, as birds 
migrated to Iceland in spring, and on to breeding areas in Greenland, with subsequent return 
to Islay in autumn, via Iceland. The tracking was also very successful in this regard (Table 6). 
 

Table 6. Telemetry fixes obtained for migration and breeding areas from tagged Greenland 
white-fronted geese during the project. 

Season 

2013 2014 2015 (to date) 

Num 
of 

fixes 

Num 
of 

bird-
days 

Num 
of 

birds 

Num 
of 

fixes 

Num 
of 

bird-
days 

Num 
of 

birds 

Num 
of 

fixes 

Num 
of 

bird-
days 

Num 
of 

birds 

Spring 
staging 
(Iceland) 

477 78 4 1,168 110 6 2,351 185 9 

Summer 
(Greenland) 

1,220 207 2 5,758 738 6 6,912 972 8 

Autumn 
staging 
(Iceland) 

180 30 1 1,706 192 5 1,524 198 8 
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3.2.9 Project 1, Activity 3a: Record sward characteristics in (randomly) selected grassland 
fields that are used with a range of intensity by geese 

Goose telemetry fixes from the 2013/14 dataset (including data from 15 birds) were used to 
select locations for conducting vegetation surveys. Only day-time fixes (i.e. after dawn and 
before dusk) were included in the selection process. For the UHF tags, fixes with speeds of 4 
m/s or greater were assumed to be birds in flight, and hence were excluded. 
 
We randomly selected 5% of the telemetry fixes from fields located in each of three main areas 
used by tagged birds across Islay: between Gruinart and Ballinaby in the northwest; around 
Gearach and Kilchiaran in the west; and the Oa in the south. To minimise non-independence, 
a minimum separation distance of 50 m was used in the selection of telemetry fixes. The 
random selection and minimum separation distance also ensured that fixes were selected 
across areas used by geese at a range of intensities. Following selection of fixes, fields with 
more than one fix remaining were chosen for fieldwork. In each remaining field, random 
locations were also selected for sampling by overlaying a systematic grid of points with a 
random origin and 100 m separation. Points were then thinned out depending on field size by 
random deletion of alternate points across the grid. Any points that fell within 50 m of a 
telemetry fix were removed, again to minimise non-independence between sample points. 
Fields with fewer than five remaining random points/fixes were excluded from fieldwork. We 
aimed for an approximately equal proportion of fixes to random points within each of the three 
main areas.  
 
Fieldwork was carried out from 9-14/06/2014. Selected points were located on the ground 
using a GPS device. The GPS was set up to sound a proximity alert to signify when the 
observer was within five metres of a point. The observer stopped immediately at the sound of 
the alert, and a new waypoint was taken to account for the horizontal offset. The observer’s 
position was used as the bottom right-hand corner of a 2 x 2 m square quadrat. The two 
nearest edges of the quadrat were marked using two metre lengths of string. At each point, 
the vegetation community was characterised in detail. Plant taxa present were identified to 
species level (with the exception of some difficult groups such as sphagnum mosses, or plants 
in short-grazed swards), and cover of plant taxa was estimated on the Domin scale (Dahl & 
Hadac 1941). 
 
In total, 126 day-time telemetry fixes selected from the 2013/14 telemetry data-set were 
located on the ground and sampled. With the same fields, 66 pre-selected random points were 
also located and sampled. Surveyed points spanned 33 fields. We derived nine plant cover 
variables from the plant data that characterised the location (Table 7).  
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Table 7. Variables derived for plant community classification in point-based habitat selection 
analysis. 

Variable Description Variable derived 
Lolium Rye-grass species, primarily Lolium 

perenne/multiflorum 
Domin score recorded for L. 
perenne/multiflorum 

Graminoid Grass (Poaceae), sedge (Cyperaceae) and 
rush (Juncaceae) spp. 

Maximum Domin score recorded 
among graminoid spp. 

Eriophorum Cottongrass, comprising E. vaginatum and 
E. angustifolium 

Maximum Domin score recorded 
among Eriophorum spp.  

Juncaceae Juncaceae species (primarily Juncus spp.) Maximum Domin score recorded 
among Juncaceae spp. 

Marsh herb Herbaceous plants primarily associated 
with marsh: Cardamine pratensis, 
Filipendula ulmaria, Caltha palustris, 
Angelica sylvestris, Oenanthe spp., Iris 
pseudacorus, Epilobium palustre, Comarum 
palustre, Heracleum sphondylium 

Sum of recorded Domin scores for 
species listed 

Forb Herbaceous-flowering, non-graminoid 
plants 

Sum of Domin scores for all forb 
spp. 

Sphagnum Sphagnum moss spp. Maximum Domin score recorded for 
Sphagnum spp. 

Mire woody Small shrubs associated with mires, 
primarily Ericaceae spp., Myrica gale and 
Salix aurita 

Sum of Domin scores for small 
shrub and Ericaceae spp. 

Ericaceae Ericaceae spp., comprising Calluna vulgaris 
and Erica spp. 

Maximum Domin score recorded 
among Ericaceae spp. 

 
 
3.2.10 Project 1, Activity 3b: Use remote-sensing imagery, other geographical information, 

and the ground-truthing to map field characteristics across the island 

We developed GIS maps of environmental factors of potential relevance for habitat selection 
by geese on Islay. All processing of environmental layers was carried out in ESRI ArcGIS 
10.3. The following environmental layers were summarised for fields across the island: 
 
Vegetation type 
Vegetation types were derived by first undertaking unsupervised classification of a 5 m x 5 m 
resolution RapidEye level 3A satellite image, captured in May 2013. Comparison with data on 
sward characteristics collected in the field (see 3.2.9) enabled ground-truthing, and the 
identification of eleven classes that best distinguished between the major habitat types found 
within fields across Islay (Table 8; Figure 5), particularly those found within fields included in 
the SNH goose count surveys. The acquisition date of the RapidEye image in spring 2013 
meant that cultivated fields could be classified as different vegetation types to what they were 
in winter 2013/14. Fields of recent grass reseeds, fodder crops (turnip, fodder beet and kale) 
and barley that are generally sown in spring, and therefore appear very similar, were likely to 
be misclassified. This was overcome by manually classifying these fields using data on 
cultivated fields collected by ground-based observations during winter 2013/14. 
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Table 8. Habitat classes identified on Islay using either unsupervised classification of satellite 
imagery (validated using vegetation data collected in the field) or manual classification of 
ground-based data on cultivated fields. 

Vegetation class Description 
Barley Cultivated barley crop (stubbles over winter). 

Fodder beet/kale/root Cultivated fodder beet/kale/root crop e.g. turnip (stubbles 
over winter). 

Reseed Newly seeded grass ley; typically Lolium spp.  

Improved grassland_recent Improved grass ley seeded over recent years (2-3) as a 
silage crop. Most likely dominated by a small number of 
grass species, especially Lolium perenne/multiflorum. 
Largely uniform structure across fields where this habitat 
occurs. Dominant vegetation type across many fields in 
the low-lying parts of the island, close to roads and farm 
buildings. 

Improved grassland_permanent Semi-improved grassland, more permanent than 
‘Improved grassland_recent’, hence higher diversity of 
grasses and herbs. Likely to be grazed at varying 
intensities, adding to structural heterogeneity within and 
between fields. Dominant vegetation type across many 
fields in low- to mid- elevation parts of the island. Often 
dominant in fields surrounding more recently seeded 
fields. 

Wet pasture_inundated Seasonally inundated wet pasture areas occurring in low-
lying fields in marginal areas of wet grykes and hollows, 
and in poor-draining field corners. Occurs mostly in fields 
dominated by semi-improved permanent grassland. 
Appears to be dominated by Juncus effusus, 
Deschampsia cespitosa and riparian vegetation stands. 

Acid grassland/heath Dry peatland characterised by heathy vegetation such as 
Trichophorum caespitosum, Eriophorum spp. and 
Calluna/Erica spp.; mostly occurring in upland parts of the 
island and interspersed with wetter blanket bog, fen and 
flush communities. 

Wet pasture_fen Wet fen habitat occurring in both upland areas within the 
blanket bog matrix, as well as forming riparian habitat 
around relatively permanent standing wet hollows and 
furrows. Appears to be dominated by tall herb species 
characteristic of fen communities. Probably more 
permanently wet compared with the ‘wet 
pasture_inundated’ community. 

Forestry areas were also included in this habitat 
classification, though fields dominated by forestry were 
excluded from the analysis. 

Blanket bog Wet peatland dominated by peat-forming plants and 
mosses, predominantly Sphagnum spp. and grasses 
such as Eriophorum spp. and Molinia caerulea. Mostly 
occurring in upland parts of the island among a matrix of 
wet heath, fen and flush communities. 

Wet mud/shallow water Wet mud and bare earth, occurring in tidal lochs such as 
Gruinart and smaller, shallow waterbodies in upland 
areas. 

Bare ground/dry Dry, poorly vegetated areas including bare earth and old, 
dry upland heath dominated by Calluna vulgaris and 
Erica cinerea. This habitat also includes some sandy 
bays and beaches. 
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Figure 5. Vegetation classes assigned to RapidEye Level 3A satellite image using Iso Cluster 
Unsupervised Classification. Eight classes were chosen that best represented the broad 
habitat types found within fields across Islay, as determined by ground-truthing. As such, some 
habitats in the wider island may have been mis-classified. The most obvious of these are 
forestry areas that are here classed as ‘wet pasture_fen’. In the legend, ‘ig’ = improved 
grassland. Arable and reseed areas were misclassified by the unsupervised classification and 
so were added through ground-truth knowledge of these field types and locations (see 3.2.10). 

 
Normalised Difference Vegetation Index (NDVI) 
We used NDVI (Figure 6), derived from the RapidEye image, as a proxy for the relative ‘green-
ness’ or degree of improvement of the sward, and extracted the average NDVI pixel score for 
each field. Given that some vegetation types would have had different NDVI scores in spring 
(when the image was acquired) compared with winter (when geese were present), NDVI was 
only comparable among fields where grassland (other than re-seeds) was the dominant 

      5km 
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habitat type. The relative improvement of grassland communities was likely to be similar 
between spring 2013 and winter 2013/14. 
 

 

Figure 6. Normalised Difference Vegetation Index (NDVI) derived from RapidEye Level 3A 
satellite image. Colour scale ranges from orange-yellow (low NDVI) to dark green (high NDVI). 
Boundaries of fields included in SNH goose counts are outlined. 

 
Wetness 
A GIS raster layer of relative ‘wetness’ (an index of the moisture content of soil and vegetation) 
was derived for the island by applying band coefficients for the tasselled cap ‘wetness’ 
dimension described in Baig et al. 2014 to a Landsat 8 satellite image (captured in June 2013). 
The average wetness of each field was then calculated from the wetness values of all those 
grid cells within a field polygon’s boundary. 
 

      5km 
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Visibility (openness of the landscape) 
Surrounding ‘visibility’ was calculated using view-shed analysis in GIS. For points on a 150 m 
grid across the study fields, a virtual 3-D landscape was calculated using a digital elevation 
model (ASTER GDEM) at 26 m resolution. The proportion of visible pixels within 500 m was 
calculated for a goose with an eye-level of 50 cm. For each field, the surrounding visibility 
score was the mean view-shed of grid points falling within the field. For small fields in which 
no grid points fell, a single view-shed was calculated from the field centroid. 
 
Availability of roost habitat 
Over 70% of night-time GPS fixes from the tagged birds were located in either blanket bog or 
wet pasture_fen, as classified from the satellite image. The 90th percentile of distances 
between roosts and morning feeding locations observed for GPS-tagged Greenland white-
fronted geese was around 4 km (see section 4.6.2.1), hence we calculated the total area of 
blanket bog and wet pasture_fen habitat within a 4 km radius of each field centroid, to 
represent the relative availability of suitable roost habitat around fields. 
 
Indirect disturbance (proximity to roads and buildings) 
Proximity to roads and buildings was assumed to be a potential proxy for indirect human 
disturbance e.g. vehicle activity is likely to be more prevalent in fields close to roads. Proximity 
estimates were mapped for each field by calculating the average pixel value from Euclidean 
distance surfaces derived from OS Vector Map District buildings and roads vector layers 
(Annex 3). 
 
Altitude 
Average field altitude was calculated from the summed elevation pixel values of the 26 m 
resolution ASTER GDEM within a field polygon boundary. Altitude may also be a good proxy 
for goose disturbance intensity, given that fields at low altitudes are likely to be more 
accessible to humans. 
 
Images of all mapped habitat variables are presented in Annex 3. 
 
3.2.11 Project 1, Activity 3c: Develop models of feeding habitat selection by Greenland white-

fronted goose and barnacle goose and Activity 3d: Conduct analyses to (1) compare 
distribution and habitat selection between the two species and assess overlap; (2) 
identify grassland management favoured by Greenland white-fronted geese and the 
potential influence of barnacle goose grazing on grassland suitability for Greenland 
white-fronted geese 

Goose count data for winter 2013/14 were summarised for all 3,115 fields included in the SNH 
goose count sectors. For each goose species in each field we calculated the number of days 
on which positive counts were made (Goose count).  
 
To investigate the environmental factors driving habitat selection by geese on Islay, we aimed 
to model Goose count (see above) as a function of nine explanatory variables derived from 
the environmental layers described above: Dominant vegetation, Field area, Altitude, Roost 
availability, Distance to buildings, Distance to roads, Visibility, Wetness and NDVI. Models 
were developed separately for each species. 
 
To derive Dominant vegetation we calculated, for every field, the proportion of pixel values of 
each vegetation type (see above for vegetation classification methods), and assigned 
Dominant vegetation as the type with the highest pixel frequency. The resulting most frequent 
Dominant vegetation types among fields across Islay were improved grasslands and 
inundated wet pasture (Figure 7). The Dominant vegetation types ‘bare ground/dry’, ‘wet 
mud/shallow water’ and ‘fodder beet/kale/root’ were excluded from the analyses due to the 
low frequency of records. 



 

24  

   

Figure 7. Frequency of Dominant vegetation types within fields across Islay, determined using 
unsupervised classification and ground-based observations. 

 
We tested for collinearity between numeric variables by modelling each explanatory variable 
against all other explanatory variables using linear models, and calculating variance inflation 
factors (VIFs; 1/1-R2) for each modelled relationship. We chose to exclude all variables for 
which the VIF >2 from the subsequent habitat selection models (Graham 2003). Two variables 
exceeded this threshold: NDVI (VIF = 2.4) and Wetness (VIF = 2.5), which are strongly 
negatively correlated with each other (Pearson’s r = -0.76, P<0.0001). NDVI and Wetness are 
also likely to be closely associated with vegetation type, so we chose to investigate these 
interactions as a separate exercise. VIFs of all other variables remained <2 when NDVI and 
Wetness were removed, and hence they were retained in subsequent models. Some very 
large fields in relatively inaccessible, moorland areas of the island were excluded from the 
analysis because complete coverage by goose counters of all parts of these areas seemed 
unlikely; this incomplete coverage may have biased the results. 
 
3.2.12 Project 1, Activity 4a: Obtain data from marksmen on location, timing and outcome of 

shots 

Data were obtained from SNH, who require marksmen to log the time, location and outcome 
of all shots. 
 
3.2.13 Project 1, Activity 4b: Insofar as possible, obtain data from licensed farmers on 

location, timing and outcome of shots and scaring activities 

This element of licensed barnacle goose scaring was omitted from our analyses. We were 
unable to obtain sufficiently accurate data regarding the location, timing and outcome of 
scaring activities. Spatially, the distribution of fields where scaring is permitted is identical to 
where SNH marksmen conduct scaring operations. Over the two winters, 12% of the total 
harvest of barnacle geese was by farmers as opposed to marksmen, but we have no 
information regarding the intensity of non-lethal disturbance by farmers relative to marksmen. 
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3.2.14 Project 11, Activity 4c: Map shooting/scaring effort in space and time, and relate this 
to feeding distribution of Greenland white-fronted geese and of apparently suitable 
Greenland white-fronted goose feeding habitat to examine whether there is evidence 
for localised under-use of otherwise suitable areas in response to shooting/scaring 

These data were used to develop GIS layers mapping shooting effort in space and time, over 
the two winters (Figure 8). For each field, the number of occasions on which a shot was fired 
during the two-winter period was calculated and assigned as an attribute value to the field 
centroid. Using these centroid values we used Inverse Density Weighting (weighted by the 
number of shooting incidents), to create an interpolated raster of the relative intensity of 
shooting events, which also accounts for declining disturbance response at increasing 
distance from an event (investigated in more detail in section 4.5.2).The extent of the 
interpolation around each field centroid was limited to 2 km, beyond which there is unlikely to 
be any disturbance response by Greenland white-fronted geese. 
 
3.2.15 Project 1, Activity 4d: Record Greenland white-fronted goose positions, time-budgets 

and behavioural responses before-and-after shooting/scaring events, and in areas 
subject to and not subject to shooting/scaring activity; Activity 4e: Analyse GPS data 
for frequency of bird movements during the day in relation to intensity and location of 
shooting/scaring 

We used car-based observations of Greenland white-fronted goose flocks, chosen at random, 
to assess the cause and frequency of disturbance events and the response of Greenland 
white-fronted geese to them. Observations were made from a car parked at a vantage point 
located sufficiently distant from the focal flock so that it was highly unlikely to be a disturbing 
influence, but close enough to make accurate behavioural observations and identify sources 
of disturbance. This was typically at a distance of 200-500 m from the flock. We cannot entirely 
rule out that the presence of the car predisposed the geese to be more sensitive to additional 
sources of disturbance, but their behaviour during observation sessions suggested this was 
unlikely. Prior to observations commencing, time, field code, flock size and counts of other 
goose species in the field were recorded. The behaviour of all visible birds in the Greenland 
white-fronted goose flock was recorded during scan samples conducted every 3 minutes 
(when flock size was fewer than 100 birds) or every 5 minutes (when flock size was greater 
than or equal to 100 birds). Observations were made using good quality optics (either 
binoculars or spotting scope – depending on circumstance) and recorded using a voice 
recorder. Observation sessions were spread throughout the goose feeding areas of the island, 
and lasted 30 minutes (nine sessions at the start of the project were 60 minutes, after which 
the protocol was changed; if birds permanently departed the field before 30 minutes were 
complete, the session was terminated). Birds were assigned to the following behavioural 
classes: 
 
 Feed – Head down posture, pecking at ground. May include a slow walk if head down 

and feeding simultaneously; 
 Walk – walking with head raised (i.e. not feeding); 
 Alert – Raised, head-up, posture; 
 Comfort – any behaviour associated with preening, bathing, sleeping (stand or sit); 
 Aggression towards – aggressive behaviour towards another bird. Typically head down, 

neck outstretched, sometimes pecking, often moving towards the focal bird; 
 Aggression received – receiving aggression from another bird. 

 
Throughout the 30 minute observation period all potential sources of disturbance were 
identified as they entered the view of the observer and the following data recorded: the source 
of potential disturbance, location and start/end time of when the source of potential 
disturbance was believed to have passed. Sources of disturbance were categorised into five 
broad classes: 
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 Traffic disturbance. On marked roads. Further categorized into “car”, “van/4x4” and 
“lorry” classes; 

 Farming disturbance. On marked roads and in fields. Further categorized into “ATV”, 
“tractor” and “other” classes; 

 Raptor disturbance. Further categorized into “eagle” and “other” classes; 
 Marksman disturbance. Further categorized into “marksman activity, “marksman rifle 

shot” and “marksman shotgun shot” classes. “Marksman activity” was defined as any 
encounter with marksmen where no shots were fired. Includes marksmen vehicle activity 
and marksmen on foot where no shots were fired; 

 Other disturbance. Included aircraft, gas guns firing, pedestrians and other leisure 
activities and extreme bouts of weather (hail). 

 
If birds flushed, the time of the flush, number of birds flushed and direction of travel were 
recorded. Where possible, the field the birds subsequently settled in was recorded, as was 
the time. 
 
During the two winters of the study, 109 observation sessions were completed in 83 fields (N 
= 71 sessions in 2013/14 and 38 sessions in 2014/15), giving 3,239 minutes (54 hours) of 
observation (average session duration = 30 minutes). Observation sessions were conducted 
between 8/11/13 and 7/03/14 in winter 2013/14 and between 16/12/14 and 18/03/15 in 
2014/15, covering most of the wintering period of Greenland white-fronted geese on Islay, 
although with a slight bias towards the second half of the winter. 
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Figure 8 (previous page). Intensity of shooting disturbance by marksmen on Islay, for winters 
2013/14 and 2014/15 combined: a) recorded number of shooting incidents by field; b) raster 
surface of shooting intensity, produced by Inverse Distance Weighted interpolation. Data on 
the number of shooting incidents per field was used to weight the interpolation. Fields with no 
shading are those in which there were no shooting incidents within 2 km, the extent of the 
interpolation around each field centroid. 
 
 
3.2.16  Project 2, Activity 1: Repeated checks of historic roosts to assess occupancy and 

numbers 

Summary roost maps from Ridgill et al. (1994) were digitized into a GIS-based map of 
historical roosting behaviour of Greenland white-fronted geese on Islay (provided in Annex 5). 
This map identifies roost sites and complexes, flight-lines and linkages between feeding and 
roosting locations. These data are used to define “catchment” areas across the island; self-
contained spatial units consisting of roost and feeding sites used by discrete subpopulations 
or flocks of geese.  
 
Through the course of the current study, survey methodology was adapted pragmatically to 
suit conditions and work within ‘on the ground’ constraints in order to better understand 
roosting behaviour. As such, three main survey techniques were used: counting birds arriving 
at dawn or departing at dusk and following flight-lines between feeding fields and roost sites.  
 
Dusk surveys of geese arriving at a roost site often gave the clearest indication of both 
numbers using a roost and the precise area the birds were using, at least at the start of the 
night. Dawn surveys offered different insights into roost use. For instance, in some cases 
certain pools were clearly used as a site where birds from different parts of the roost would 
gather, prior to departing for feeding areas en masse. Dawn surveys also gave a second 
opportunity to obtain a count of birds using the site. Following birds between feeding fields 
and roost areas can clearly link feeding flocks (including marked birds) to general roost areas 
in the evening. This survey method gave the further benefit of allowing an opportunity to obtain 
very accurate pre- or post-roost flight field counts in good light.  
 
Additionally, some roost sites were visited during daylight hours to check for the distinctive 
signs of Greenland white-fronted goose roost use. These were piles of droppings and uprooted 
and consumed common cottongrass Eriophorum angustifolium, white beak-sedge 
Rhynchospora alba and bogbean Menyanthes trifoliata around apparently suitable roost 
habitat (Figure 9). 
 
The number of visits to each roost site varied, again in an effort to gain a better understanding 
of roost use. Roost sites associated with large bog areas and/or complex feeding catchments, 
or where initial counts were considered to be of insufficient quality, were visited on more 
occasions than more discrete roost sites or those where initial surveys yielded data considered 
broadly representative of roost site use.  
 
In addition, a number of previously unrecorded roost sites were found through observations 
and telemetry data during the current study. All received a follow-up, day-time visit although 
some were also surveyed at dawn and dusk. 
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Figure 9. Typical signs indicating Greenland white-fronted goose feeding in mire/quaking bog 
habitat at roosts, clockwise from top left: Roost dropping piles, Leoig Bog; Eriophorum 
angustifolium – uprooted intact specimen for reference (left), remains typical of Greenland 
white-fronted goose feeding activity (centre), uprooted reference specimen sliced to reveal 
starch-rich fleshy stem base consumed by the geese (right); Menyanthes trifoliata – stem 
section chewed by a Greenland white-fronted goose; Rhynchospora alba – uprooted intact 
reference specimen (left), typical mat of floating leaf and root remains found at pool edges 
after goose feeding (right). 

 
 
3.2.17 Project 2, Activity 2: Observation of roost-field flight-lines 

Flight-lines were recorded as per the methodology detailed in Section 3.2.16. Additionally, 
location data from GPS neck collars (Section 3.2.8) was used to show linkages unequivocally 
(rather than being inferred from observed flight-lines). Roost-field linkages (mornings) for GPS 
collared birds were generated by mapping the location of the last roost fix and the subsequent 
first feeding field fix of the morning in the GIS, with lines drawn between these points. Evening 
field-roost links were generated through the reverse process.  
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3.2.18 Project 2, Activity 3: GIS-based analysis of roosts, flight-lines, and field-use data, 
supplemented by telemetry and neck-collar reading, to map roosts, feeding areas and 
roost-feeding area linkages 

In addition to the roost fieldwork, we used GPS telemetry data from tagged Greenland white-
fronted geese to map, at a fine-scale, the locations used within roosts, as well as investigating 
broader movements within and between roost sites, and between roost sites and day-time 
feeding areas, over the course of each winter. 
 
Point location data from GPS tagged Greenland white-fronted geese were assigned to 
‘darkness’ (sun >7.5 degrees below the horizon) or ‘daylight’ (sun ≤7.5 degrees below the 
horizon) using an Excel sun rise/moon rise and phase calculator. A fix was considered 
‘moonlit’ when the sun was >7.5 degrees below the horizon, but the moon was above the 
horizon and with a disc >66%. All fixes where the ‘Speed’ parameter was greater than or equal 
to 4 ms-1 (402/17,292) were considered to have been taken during flight and were excluded. 
GPS fixes were mapped in the GIS and dark fixes were then further assigned to ‘Field’ (located 
within an enclosed, actively farmed, field) or ‘Roost’ (any other location) habitats. Roost fixes 
were attributed to broad vegetation classes generated through the classification of satellite 
imagery (Section 3.2.10).  
 
Movements by individual birds between roost sites were examined, by calculating distances 
between GPS fixes. We first examined movements between nights, by calculating the distance 
between first or last roost fix (depending on GPS sampling regimes, Section 3.2.8Error! 
Reference source not found.) of consecutive nights. We investigated how regularly birds 
shifted between roost sites within a moorland/bog complex, and how often they made large-
scale shifts, from one moorland/bog complex to another. Individuals were considered to have 
shifted ‘roost sites’ when the distance between consecutive nights exceeded 1 km because 
all roost sites identified in Ridgill et al. (1994) had a maximum dimension <1 km in length. 
Similarly, ‘roost area’ shifts were considered to occur when this distance exceeded 5 km. We 
then examined movement within nights, by calculating the distance between first and last GPS 
fixes in the same night and, where possible, the distance between hourly GPS fixes.  
 
Substantial night-time movements between successive GPS fixes imply an unexpectedly high 
level of night-time activity – likely associated with feeding behaviours. We were interested to 
investigate the patterns of night-time activity both on the roost and on fields. We examined 
this using telemetry data from two sources. 
 
First, tri-axial e-obs accelerometer backpack tags were fitted to a sample of geese at Loch 
Ken in spring 2012 and 2013 and at Wexford in the same years (Section 3.2.7). These tags 
record behaviour-specific body posture movement of the animal for a few seconds every six 
minutes throughout the day. Of the 2012 cohort fitted at Loch Ken, two birds wintered on Islay 
during winter 2012/13, one of which provided telemetry data. For this bird (male V0H), the 
three behavioural classes that can be confidently ascertained from the movement data 
collected by the tag - flying, walking/feeding, and stationary – were summarised for every hour 
of the day and night while the birds were on Islay from 8/10/2012 to 19/04/2013. The single 
GPS fix collected by the tag each day was used in the Excel sun rise/moon rise calculator to 
assign each set of hourly observations to ‘darkness’ or ‘daylight’ (see above). Similarly, the 
percentage of the moon’s disk lit was calculated for each hour. The time periods when the 
birds were in darkness were examined in terms of the bird’s behaviour and in relation to the 
phase of the moon. 
 
For comparison, the same process was repeated for a bird tagged at Wexford with a 
comparable run of 2012/13 winter data. This goose (e-obs tag 2160) arrived at Wexford on 
25/10/2012 from Iceland and data were available to 8/03/2013. 
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Second, the Islay-deployed Ecotone collar GPS tag data were analysed. These data allowed 
us to investigate whether an individual was at a roost or in a field during the night. We were 
particularly interested in quantifying the occurrence of night-time field feeding and to 
investigate the hypothesis that this behaviour is more prevalent on moonlit nights. 
 
Mapping feeding areas 
We investigated how often individual GPS tracked geese switched between feeding areas. 
GPS location data of day-time, field-feeding fixes were mapped in a GIS and the distance 
between fixes taken at midday on consecutive days was calculated. Birds were considered to 
have shifted feeding sites if the distance between fixes exceeded 1 km and to have shifted 
feeding areas if it exceeded 5 km. 
 
For detailed analysis of Greenland white-fronted goose feeding habitat selection see Section 
4.4. 
 
3.3 Statistical methods 

All statistical analyses were performed in R 3.2.0 (R Development Core Team 2015). General 
and Generalised Linear Mixed Models (GLMs and GLMMs) were conducted in package LME4 
(Bates et al. 2015), Generalised Additive Mixed Models (GAMMs) used package mgcv (Wood 
2011) and Generalised Estimating Equation (GEE) models used package geepack (Højsgaard 
et al. 2006). Model simplification to derive minimum adequate models was performed following 
guidelines in Zuur et al. (2009). Unless stated otherwise, explanatory variables in statistical 
models were centred and standardised. We used Chi-squared Likelihood Ratio Tests to 
identify non-significant variables for deletion, unless otherwise stated, with P ≤0.05 used as a 
threshold for statistical significance. Standard model diagnostics (Zuur et al. 2009) were used 
to check goodness of fit. Where over-dispersion was indicated, we estimated an over-
dispersion parameter using quasi-likelihood, or used negative binomial models. 
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4. RESULTS 
 
4.1 Breeding productivity of Greenland white-fronted geese on Islay 

4.1.1 Local variations in juvenile ratio of Greenland white-fronted geese on Islay 

If breeding productivity of Greenland white-fronted geese shows systematic geographical 
variation, indicating that some wintering flocks consistently perform better than others, then 
this may indicate that there is variation within the island in the quality of wintering habitat. For 
example, this might include spatial variation in feeding resources or the impact of shooting 
disturbance may vary across the island and this may create carry-over effects on breeding 
success. Previous marking of birds both on Islay and in Greenland suggests that groups within 
Islay do not breed within specific areas of Greenland (Ridgill et al. 1994), and recent satellite 
tracking of Islay and Loch Ken birds also shows that birds from different sites are scattered 
across a broad breeding area in western Greenland. We therefore examined geographical 
variation in age ratio (a proxy for breeding success) across years, to make a preliminary 
examination of whether systematic geographic variation is apparent. 
 
4.1.1.1 Analytical Methods 

Table 9 shows overall age ratios for the two winters of this study (Ogilvie 2014, 2015), as 
estimated by MAO and WWT. Raw age ratio data from this project and Ridgill et al. (1994) are 
provided in Annex 4. 
 
We performed an initial exploration of geographical variation in productivity, using the data 
shown in Table 10. Juvenile ratios were available from seven count sectors on Islay (Figure 
10), for the six winters 1987/88 - 1992/93 (defined as ‘early’ period) and the two winters 
2013/14 – 2014/15 (‘late’ period). No data were available for the period in between. 
 
First, we used a binomial GLM to test for the effect of site (categorical variable with 7 levels) 
and period (categorical variable with 2 levels), and a site x period interaction, on the number 
of juveniles as a proportion of the total number of birds aged. Second, we replaced the period 
term, with winter (8-level categorical). 
 

Table 9. Age ratios of Greenland white-fronted geese on Islay during the study winters. 

Winter 
SNH / MAO WWT, this project 

Juv. birds / Birds 
scanned 

Percent 
juveniles 

Juv. birds / Birds 
scanned 

Percent 
juveniles 

2013/14 560 / 3,2871 17.0% 336 / 2,239 15.0% 
2014/15 502 / 3,4202 14.7% 234 / 1,514 15.5% 

1 MAO notes that age-counting took place from November 2013 to March 2014 and that he aged just 
over 2,500 birds in that period, while WWT aged 1,900 birds solely in January 2014. MAO removed 
duplicate counts from the same locations covered by WWT and thus refers to a final sample size of 
3,287 birds sampled.  
2 MAO notes that age-counting took place from November 2014 to March 2015 (though given as 
November 2013 to March 2014 in the report to SNH) and that he aged 1,906 birds in that period while 
WWT aged 1,514 birds and that although there was an unknown amount of overlap between those two 
figures MAO combined them to give a final sample size of 3,420 for his estimate. 
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Table 10. Percentage of juveniles from age ratios in Islay Greenland white-fronted geese for 
winters 1987/88-1992/93 and 2013/14-2014/15, across the SNH goose count sectors.  

Sector 
Winter 

Mean 
1987/88 1988/89 1989/90 1990/91 1991/92 1992/93 2013/14 2014/15 

Glen 
13.4% 
(262) 

20.8% 
(629) 

15.1% 
(551) 

26.2% 
(922) 

15.0% 
(1,756) 

5.5% 
(510) 

15.9% 
(409) 

16.4% 
(378) 

16.0% 

Gorm 
20.9% 
(1,328) 

23.3% 
(1,636) 

15.3% 
(1,204) 

18.6% 
(641) 

13.9% 
(13,802) 

9.6% 
(15,879) 

14.7% 
(292) 

16.7% 
(150) 

16.6% 

Gruinart 
16.2% 
(543) 

29.2% 
(850) 

30.7% 
(938) 

23.4% 
(406) 

15.3% 
(978) 

7.8% 
(3,212) 

5.7% 
(35) 

 18.3% 

Kilmeny 
18.1% 
(645) 

24.4% 
(1,838) 

22.5% 
(1,014) 

19.8% 
(1,174) 

14.4% 
(9,964) 

7.3% 
(14,360) 

12.0% 
(498) 

20.2% 
(193) 

17.3% 

Laggan 
17.0% 
(352) 

23.9% 
(624) 

 
23.4% 
(568) 

16.0% 
(1,872) 

14.6% 
(528) 

21.2% 
(151) 

11.7% 
(94) 

18.3% 

Oa 
14.6% 
(383) 

23.7% 
(954) 

26.3% 
(1,498) 

 
11.4% 
(5,138) 

5.8% 
(1,560) 

15.6% 
(755) 

12.2% 
(452) 

15.7% 

Rhinns 
18.9% 
(122) 

 
10.5% 
(248) 

 
7.4% 
(991) 

4.1% 
(531) 

16.2% 
(99) 

17.0% 
(247) 

12.4% 

Mean 
(weighted by 
sample size) 

18.1% 24.3% 22.1% 22.1% 13.7% 8.3% 15.0% 15.5%  

Data from Ridgill et al., 1994 and the current study. Values are % juveniles among sampled individuals, 
and the number of individuals sampled. 

 
4.1.1.2 Results & discussion 

We found no consistent variation in juvenile ratio among different areas on the island. In the 
first model, there was no significant effect of site x period interaction (F6,37 = 0.19, P = 0.98), 
or period (F1,43 = 0.038, P = 0.85) or site (F6,44 = 0.91, P = 0.50). In the second model, there 
was no significant site effect (F6,37 = 1.86, P = 0.11), but a very large winter effect (F7,43 = 31.3, 
P <0.0001). 
  
These analyses indicate that while there is major between-year variation in breeding success, 
there is no consistent geographical variation in breeding success. Between-year variation was 
to be expected since there is annual variation in breeding success across the population (Boyd 
& Fox 2008). Consequently, although there is no indication in this study that local variation in 
subpopulation breeding success is influenced by variation in e.g. shooting disturbance or 
habitat quality on Islay, this cannot be ruled out. 
 
The counts that MAO provided to SNH were not available electronically on a per farm or field 
code basis, they were only available as a single summary figure for Islay for the season. The 
number of young in different farm areas was recorded in his notebooks going back to the 
1980s. These data would be a very valuable resource with which to analyse changes in the 
number of juveniles in flocks in different parts of Islay through time and how this relates to 
habitat type and management. However, it would be a considerable exercise to electronically 
capture these data. 
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Figure 10. Goose count sectors on Islay. The two, more remote, unlabelled upland areas have 
historically not held feeding goose flocks and are not covered by SNH counts. 

 
 
4.1.2 Comparison of productivity of Greenland white-fronted geese on Islay and at Wexford 

It has previously been noted that during the period since the Greenland white-fronted goose 
population began to decline (1999/2000 to present), productivity (expressed as the proportion 
of juveniles in winter flocks) has fallen globally, but has tended to be higher on Islay than at 
the other core wintering site, Wexford. We used published data from Ridgill et al. (1994), 
Stroud et al. (2012) and GWGS annual reports plus additional data from NPWS to examine 
this pattern in detail. 
 
  

      5km 
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4.1.2.1 Results & discussion 

Productivity on Islay tended to be higher than at Wexford throughout the 1990s and early 
2000s (Figure 11). Since 2004, there has been an increasing disparity between the two sites, 
with Islay having higher productivity than Wexford in most recent years. 
 
The reason for this striking divergence in productivity between the two core sites in the range 
is not understood. It is known that Wexford birds and Scottish birds tend to use different areas 
of Greenland for breeding (Wexford birds summer further north in Greenland), though this 
pattern is not universal (WWT/University of Exeter/University of Aarhus unpublished data). 
Potentially therefore, the Wexford subpopulation is experiencing a marked deterioration in 
conditions experienced in the breeding areas, which is not affecting the Islay population. The 
pattern does ostensibly indicate that goose management on Islay is not having a negative 
carry-over effect on breeding success, although other explanations are possible: it is 
conceivable that breeding success of Islay birds would be higher still were there not these 
potential adverse carry-over effects. Nevertheless, in the 15 winters since the population 
began to decline, the Islay subpopulation has had a higher breeding success than the other 
monitored flocks in Scotland in 13 winters (GWGS data). 
 
4.2 Body condition of Greenland white-fronted geese on Islay 

Arctic migrant geese, including Greenland white-fronted geese, show typical seasonal API 
cycles as they respond to the migratory cycle and weather changes (with consequent changes 
in food quality and abundance). Variations due to local conditions are superimposed upon 
these seasonal patterns. We examined these variations in time and space using WWT data 
for Islay and NPWS data for Wexford; specifically, we asked whether (1) Greenland white-
fronted goose body condition varies across Islay, and in relation to managed disturbance of 
barnacle geese; (2) Greenland white-fronted goose body condition on Islay is different to 
Wexford. 
 
4.2.1.1 Analysis methods 

Although measured in individuals on an ordinal scale, API when summarised at a flock level 
is approximately normally distributed (there was some grouping of flock means around the 
ordinal values available), and was consequently modelled as a Gaussian continuous response 
variable. We modelled APIs for adults only, because the number of juveniles was rather low, 
and so statistical power to fit a seasonal curve to the APIs, and then test for differences 
between locations and years, was limited.  
 
Comparison between areas on Islay 
To determine whether mean flock APIs differ between areas on Islay, we first developed 
General Linear Models (GLM’s, using lm command), with ‘Count Sector’ as an explanatory 
variable (see Figure 10). We also included ‘Winter’ as a two-level categorical effect (2013/14 
vs 2014/15), and fitted a third order polynomial effect of ‘Date’ (coded as days after 1st 
October), and a ‘Date’ x ‘Winter’ interaction term. To evaluate potential causes of spatial 
variation in API’s on Islay, we then developed General Linear Mixed Models (GLMM’s, using 
glm command), using each flock mean API as the response variable. Explanatory variables 
were mean ‘NDVI’ of the field in which the flock was present, field mean ‘Wetness’, ‘Dominant 
vegetation’ type and ‘Shooting Disturbance’ (see section 3.2.12). Over the course of each 
winter, some localities were sampled on multiple occasions (potentially including the same 
flocks), so to account for this repeated measures structure, we created a 2.5 km grid (this was 
chosen as a reasonable approximation of individual Greenland white-fronted goose home-
ranges) over the island, and assigned each sampled flock to the grid cell in which the centroid 
of its field was located. We then included grid cell as a random intercept term in the model. 
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Comparison between Islay and Wexford 
The differences in time-coverage between Wexford and Islay, and the fact that all Wexford 
data came from individually marked birds makes between-site comparisons more complex. 
 
Because sampling was confined to a small part of the whole winter, it was not possible to 
construct a third-order polynomial for the Wexford data to show the seasonal pattern and 
compare with Islay across the season. Additionally, many of the collared birds at Wexford 
derive from catches carried out on large mid-winter feeding aggregations on beet fields, and 
consequently may not be a random sample of birds. Families are over-represented in the 
catches, so the collared sample may be biased towards fitter adults who have bred 
successfully and which can (by virtue of larger group size) monopolise food patches (ADF 
pers. comm.). It is conceivable that such an effect occurs on Islay, although this is less likely 
because a smaller proportion of birds are caught at baited sites. If the individually marked 
birds do represent a biased sample, then comparison between individually marked birds and 
flock-scan data are doubtful. 
 
First we visually compared Islay and Wexford data for 2013/14 and 2014/15. For Islay, we 
fitted third-order polynomial regressions to the flock-scan data, and used these to plot mean 
and confidence limits of the API trend through each winter separately. For Wexford, we divided 
the marked bird API data into a number of discrete time-windows (six in 2013/14, three in 
2014/15), estimated mean and confidence limits for each of those time-windows, and plotted 
them against the mid-point of the time-window.  
 
Second, we made a statistical comparison between APIs of individually marked birds at 
Wexford and Islay, for a time-window in early winter (25 Oct–25 Nov) when data for both sites 
were available (N = 189 Wexford birds, N = 125 Islay birds). A linear model with individual 
APIs as response variable, and ‘Site’ (Wexford vs Islay), ‘Winter’ (2013/14 vs 2014/15), ‘Day’ 
(days after 1st October) and all possible 2-way interactions was produced and then simplified. 
‘Individual’ was included as a random intercept, because there were repeated measurements 
of some marked birds. 
 
Finally, we assessed whether, on Islay, APIs as assessed by estimations of individually 
marked birds gave similar values over the course of the winter to estimations based on flock 
samples, by visual comparison of third-order polynomial regression curve plots. 
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a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Productivity (expressed as % juveniles) at the two core Greenland white-fronted 
goose wintering sites, Wexford, Ireland and Islay, Scotland, 1983/84 - 2014/15: a) % juveniles 
recorded at the two sites; b) difference in % juveniles between Islay and Wexford. Where 
values >0, Islay has higher productivity than Wexford, and vice-versa. Lines represent 5-year 
moving averages. Historic data provided by GWGS and NPWS.  
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4.2.1.2 Results 

Comparison between areas on Islay 
The data set comprised 565 flocks, containing 21,183 individuals; the number of individuals 
scanned per flock was 6-131, mean = 37.  
 
In an initial GLM with ‘Count Sector’, ‘Date’ and ‘Winter’ as explanatory variables, API 
increased during early winter, was relatively stable during mid-winter, and increased again in 
late winter (3rd order polynomial ‘Date’ effect, F3,550 = 2,329, P < 0.0001); . There was also a 
significant effect of ‘Winter’ (F1,550 = 73.6, P < 0.0001) and ‘Winter’ x ‘Date’ (F3,550 = 25.7, P < 
0.0001), reflecting a slight difference between the study winters in the shape of the seasonal 
curve. API also differed significantly between ’Count Sector’ (F7,550 = 37.5, P < 0.0001). When 
‘Date’ and ‘Winter’ were controlled for, API was lower in Ardtalla than in other sectors, and 
moderately low in Rhinns. However, the difference between Ardtalla and the sectors with 
highest API (Glen, Gorm, Gruinart and Laggan) was only 0.1 API units, which is very small 
relative to the ‘Date’ and ‘Year’ effects. 
 
When we considered the explanatory variables ‘NDVI’, ‘Wetness’, ‘Dominant vegetation’ and 
‘Shooting Disturbance’ in a GLMM with grid cell as a random intercept, we found none of the 
explanatory variables to be significant, except for ‘Date’, ‘Winter’ and ‘Date x Winter’. There 
was however a weak, near-significant positive effect of ‘Disturbance pressure’ on API (P = 
0.082). 
 
Comparison between Islay and Wexford 
Figure 12 illustrates the seasonal pattern of API during our study, alongside values for time-
windows at Wexford in 2013/14 and 2014/15 (courtesy of NPWS). Third-order polynomials 
provided excellent fits to the flock-scan data in both winters on Islay, with R2 >0.99. The two 
winters on Islay were very similar, although with some divergence during March, with birds 
gaining condition more rapidly in 2013/14. Individual-bird values for Wexford were noticeably 
higher than the flock-scan values on Islay during early winter in both years (by c. 0.5-1.0 API 
units), with confidence limits for the estimates only marginally overlapping. In late winter, APIs 
at the two sites appeared to converge.  
 

Table 11. Linear mixed model comparing APIs of individually marked birds at Wexford and 
Islay in early winter during the study. 

Parameter Parameter estimate (SE) P 
Intercept 1.43 (0.15) <0.0001 
Site  0.92 (0.070) <0.0001 
Winter  -0.55 (0.20) 0.007 
Day 0.0012 (0.0039) 0.75 
Site x Winter -0.41 (0.087) <0.0001 
Winter x Day  0.010 (0.0052) 0.033 
Site x Day 0.0062 (0.0068) 0.36 

For final model (Site + Winter + Day + Site x Winter), F1,309 = 151, Adjusted R2 = 0.66. 
For the categorical variables ‘Winter’ and ‘Site’, the reference values were 2013/14 and Islay. Hence 
parameter estimates represent values for 2014/15 and Wexford relative to these reference values. 
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Figure 12. Abdominal Profile Indices for Greenland white-fronted goose flocks on Islay and 
marked individuals at Wexford, during 2013/14 and 2014/15. Red circles/ line: Islay, 2013/14. 
Blue circles/ line: Islay, 2014/15. Lines for Islay winters represent third order polynomial fits to 
the data, with 95% CI. Green circles with error bars: mean ± 95% CI for sampled Wexford 
collar birds, 2013/14. Yellow circles/bars: mean ± 95% CI for sampled Wexford collar birds, 
2014/15. 

 
Linear mixed models showed that in early winter, individual-bird API values were significantly 
higher at Wexford than on Islay (Table 11). There was also a ‘Winter’ effect, with 2014/15 
having lower values, and a ‘Site’ x ‘Winter’ interaction, with the difference between the sites 
being lower in 2014/15. The ‘Winter’ x ‘Day’ effect was marginally significant, indicating that 
APIs increased more rapidly in 2014/15. APIs for individually-marked birds on Islay were 
indistinguishable from those obtained from flock-scans, throughout both winters. 
 
4.2.1.3 Discussion 

Comparison between areas on Islay 
We cannot rule out that the weak positive relationship between API and disturbance is directly 
causal. In this scenario, shooting disturbance of barnacle geese permits better access to high 
quality feeding resources for Greenland white-fronted geese. However, we note that the effect 
is statistically non-significant, and that Greenland white-fronted geese in the vicinity of 
disturbance events are also disturbed (Section 4.5), so this seems relatively improbable. If the 
association is real, the most likely explanation is that disturbance tends to be associated with 
high habitat quality (good quality grassland), and that high habitat quality is associated with 
high API. However, we did attempt to control for any such effect by inclusion of the ‘Dominant 
vegetation’, ‘NDVI’ and ‘Wetness’ variables. The absence of a negative effect of disturbance 
on API implies that any negative effect of disturbance on body condition is either trivial, or is 
compensated for by the positive effects of good habitat quality. 
 
Comparison between Islay and Wexford 
During the study, early winter API was substantially higher on Wexford than on Islay, but 
values converged in late winter. The implication is that birds are in better condition upon arrival 
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in Wexford than on Islay, but that Islay birds are able to make up the difference by departure 
time in late winter. It is not clear why Wexford birds would arrive in better body condition. 
Wexford birds make a longer migration from Iceland (Weegman et al., 2017), because 
Wexford is further south than Islay, but because they also tend to stage in western Iceland, 
while Islay birds tend to stage in southern Iceland (note that this pattern does not hold for all 
birds). If Islay birds leave Iceland in poorer body condition than Wexford birds, e.g. because 
Islay birds are staging in traditional Scottish areas in the southern lowlands of Iceland which 
are highly disturbed due to greylag goose Anser anser hunting, with Irish birds staging in less 
disturbed reserve areas such as Hvanneyri in the west, then it would be valuable to investigate 
this. We stress however, that we were able to make comparisons over just two years. Further 
years of comparison would be useful, to determine whether this pattern is the norm. 
 
The between-site comparison may be partly confounded by different phenology at the two 
sites. At Wexford, the geese typically depart for Iceland about two weeks earlier than on Islay. 
Consequently, matching APIs between the two sites for the same dates is potentially 
misleading. This may be most important at the end of the winter season. As the population 
begins to depart on migration, flock samples tend to comprise a mixture of very high condition 
birds which have rapidly accrued fat and are about to depart, and very thin birds which are 
failing to reach body condition for departure. This can create high variance among individuals 
within flocks, and between years due to varying mean departure dates (ADF pers. comm.). 
We cannot entirely rule out that between-site differences were due to observer effects, but we 
consider this to be unlikely, because the two observers have worked together on API 
assessment and detected no systematic differences between their scoring. 
 
4.3 Survival and population dynamics of Greenland white-fronted geese on Islay 

The neck-collar deployment and resighting of marked birds during winters 2012/13 – 2014/15 
(and since continued) has established a mark-resighting study of Islay Greenland white-
fronted geese. This will permit survival and emigration rates to be estimated, and compared 
to other sites in the range (chiefly Wexford where there is a long-term mark-resighting 
programme). We report here early resighting results; however, the time-scale of this project 
precludes formal analysis of survival using mark-resight statistics at this stage. We therefore 
conducted a preliminary analysis of survival and population dynamics using long-term count 
data and juvenile ratios in the framework of a Leslie matrix population model. 
 
4.3.1 Mark-resighting of birds marked on Islay 2012/13 – 2014/15 

4.3.1.1 Results & discussion 

A resighting matrix of birds collared in 2012/13 – 2014/15 was prepared (Table 12). A formal 
capture-mark-recapture analysis of these data is not yet possible, because of the short 
duration of the marking programme. Specifically, resighting probability can only be estimated 
for one marked cohort in one winter – the 2012/13 cohort in the 2013/14 winter, and the data 
show that all birds from the 2012/13 cohort that were detected in 2014/15 were also detected 
in 2013/14. Hence, resighting probability in 2013/14 was 100% (with a lower 95% confidence 
limit of 85%). We therefore estimated apparent survival of birds collared as adults on Islay as 
the simple proportion of birds marked in each winter that were resighted in subsequent winters, 
assuming a 100% resighting probability. In order to generate confidence limits around the 
survival estimate, we bootstrapped the proportion of birds detected (1,000 bootstraps, with 
replacement), but note that this procedure still contains the assumption of 100% resighting 
probability. Assuming survival was constant across marked cohorts and years, and 100% 
resighting probability, we estimate apparent annual adult survival as 74.0% (95% CI by 
bootstrapping 63.6-84.4%). During future winters, we assume that some birds that were not 
resighted previously will be confirmed alive, hence giving an estimable resighting probability. 
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The proportion of birds resighted in 2013/14 and 2014/15 appears low for a non-hunted Anser 
species considering hunted UK wintering grey goose species, presented in Trinder et al. 
(2005), have apparent survival rates of 0.84 (greylag goose for the period 1966-2002) and 
0.86 (pink-footed goose Anser brachyrhynchus for the period 1950-2002). The current 
preliminary estimate of 0.74 is unexpectedly low when compared to these previous estimates, 
but no conclusions should be drawn from this until it is possible to assess resighting 
probability. Any resighting probability <100% will lead to an estimate of apparent survival that 
is higher than 0.74. 
 

Table 12. Resightings matrix for birds marked on Islay during the project. 

Capture  
Cohort 

Number of adult  
birds marked 

Number of birds resighted on Islay 
(with % and bootstrapped confidence limits) 

2013/14 2014/15 

2012/13 40 
261 

71.1% (55.3-84.2%) 
202 

77.8% (61.5-92.3%) 

2013/14 12 n/a 
9 

75% (50.0-91.7%) 
2014/15 163 n/a n/a 

1 In addition, two birds from the 2012/13 cohort were subsequently resighted in Ireland and one on Coll, 
Inner Hebrides. 
2 In addition, one bird from the 2012/13 cohort was resighted in Ireland. 
3 Of which one bird received a metal ring only, so was effectively not available for resighting. 

  
4.3.2 Using count data and juvenile ratio in a population model to estimate survival 

We estimated apparent survival rates using data on total count and proportion of juveniles. 
We use the term apparent survival to indicate that we do not separately estimate 
immigration/emigration. Hence apparent survival is the probability of a bird being both alive 
and present in the study area at the time of counting/resighting. 
 
We used this method to make simple estimates of apparent annual survival in the Islay 
population and to compare these with the Wexford population.  
 
4.3.2.1 Analytical methods 

Count and juvenile ratio data for Wexford and Islay were obtained from SNH and GWGS 
published and unpublished data (Stroud et al. 2012). The Wexford and the Islay populations 
were separately modelled from 2001 to 2015. A two-stage Leslie-matrix model with a pre-
breeding census was developed. We modelled the total population, rather than females-only, 
since Greenland white-fronted geese are socially monogamous and geese tend to have a sex 
ratio approaching 1:1 (e.g. Harmsen & Cooke 1983). Data on total population size in spring, 
and percentage juveniles in mid-winter were used to estimate the number of birds in the pre-
breeding population in each of two age-classes: 1-year old (immature) and 2+ year-old (adult) 
birds. 
 
For each model, we estimated the number of birds in the immature age class (Is) during the 
pre-breeding census as: 
 
Is= p si  Ts / (p si +(1-p) sa) 
 
Where p = proportion juveniles in the mid-winter count, si and sa = survival of juveniles and 
adults respectively during the period between mid-winter age ratio assessment and spring 
population count, Ts = total spring count. 
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Birds in the adult age-class (A) during the pre-breeding census was therefore: 
 
As = Ts – Is 
 
Per capita productivity (juveniles per adult bird) was estimated for the mid-winter census as 
 
(Is / si) / (As / sa) 
 
No analysis of seasonal mortality has been conducted in this species, and so for both age 
classes, we assumed that 25% of adult mortality took place in the three months between mid-
winter age ratio assessment and spring total counts.  
 
Survival of immature birds from 1-year to 2-years was assumed to be a fixed proportion of the 
value for adult birds; this proportion was set as 87.5%, based on values calculated by 
Weegman et al. (2016) using capture-resighting data for Greenland white-fronted geese at 
Wexford over the same time period. We assumed that 1-year old birds do not breed.  
We then determined the constant adult survival that gave the best fit to the estimated adult 
counts, by varying the assumed value and finding the value which gave the best fit (maximum 
Poisson log-likelihood) of the modelled adult population to the estimated adult population. 
 
4.3.2.2 Results & discussion 

For Islay, the best fit apparent annual adult survival was 82.8% (Figure 13). By contrast, the 
best-fit apparent annual adult survival for Wexford is 92.4%. For both sites, a constant survival 
model count and juvenile ratio fit the data well, with little indication of a systematic temporal 
trend in survival. 
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a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Modelled population trend of Greenland white-fronted geese, assuming best-fit 
constant survival: a) Islay; b) Wexford. 

 
These models are a rather simple deterministic tool. We have not attempted to use the 
variance in juvenile ratios and counts to estimate the potential error in the models (although 
this would be possible). We have assumed that immature birds survive at a constant ratio of 
adult survival, and have made a plausible estimate of what that ratio may be. We also assume 
a rather arbitrary mortality of juvenile birds between mid-winter juvenile ratio assessment and 
spring counts. Nevertheless, these models show unequivocally that apparent survival is very 
much lower on Islay than at the other key site of Wexford. This is not surprising, insofar as it 
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is known that the Wexford population has remained relatively stable in the face of global 
decline while the Islay population has declined, and that Islay has tended to have higher 
productivity than Wexford over the same period. Nevertheless, the magnitude of the difference 
between the sites is very striking, especially for a long-lived species. It is possible that Islay is 
a net exporter of birds, resulting in relatively low apparent survival (due to high emigration), 
and Wexford a net importer (Weegman et al. 2016), and/or that mortality among Islay birds is 
higher than among Wexford birds. Reasons for either net emigration and/or higher mortality 
among the Islay population are speculative at present.  
 
4.4 Habitat selection of Greenland white-fronted geese, and comparison with 

barnacle geese 

Goose management on Islay is complex and demanding, because the island supports large 
populations of a declining threatened taxon – Greenland white-fronted goose – and a (globally) 
increasing taxon – barnacle goose – that is considered, by some, to be an agricultural pest. 
Management would therefore aim to provide maximum area of optimal habitat for Greenland 
white-fronted geese. However, it is important also to understand the implications of any such 
management for barnacle geese. 
 
We therefore examined habitat selection in Greenland white-fronted geese, and in barnacle 
geese for comparison. We examined Greenland white-fronted goose habitat selection at two 
spatial scales, using two independent data-sets. First, we examined within-field habitat 
selection, using point data obtained from GPS telemetry devices, and by comparing habitat at 
locations used by Greenland white-fronted geese to random locations within the same fields. 
Second, we examined between-field habitat selection using field-count data supplied by SNH. 
We used a measure of the frequency of goose use of each field, and examined this in relation 
to field characteristics. 
 
4.4.1 Fine-scale vegetation community selection by Greenland white-fronted geese 

4.4.1.1 Analytical methods 

Initial exploration of the data indicated that there were no simple univariate relationships 
between plant community variables (see Table 7) and the presence of Greenland white-
fronted geese. We therefore used non-metric multi-dimensional scaling (NMDS) to develop 
multivariate summaries of plant community structure using the metaMDS command in R 
package Vegan and a Bray-Curtis dissimilarity index. NMDS is an appropriate data reduction 
technique for species abundance variables which include many zeros. The aim was to 
represent the dissimilarities in species abundances between vegetation survey points, which 
is multi-dimensional, as accurately as possible using a reduced number of dimensions (axes) 
that could be easily visualised and interpreted. We created three axes to summarise plant 
community structure; this gave stress <0.1 which signifies high confidence that the shape of 
the multi-dimensional space is well represented in the new three-axes plot, and few enough 
axes to permit easy plotting and visualisation of the data. 
 
We used the axis scores from the NMDS as fixed explanatory effects in binomial Generalised 
Linear Mixed Models, with ‘Point-type’ (used vs random) as the response and a logit link-
function. To avoid pseudo-replication, we used ‘Bird identity’ (because there were multiple 
telemetry locations per bird) and ‘Field’ (because there were multiple points per field) as 
random intercepts. We then developed an optimal fixed-effects structure by step-wise deletion 
(see Zuur et al., 2009). 
 
4.4.1.2 Results 

Inspection of the three NMDS axes shows clearly interpretable vegetation community 
structure (Figure 14).  
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Figure 14. Positions of plant variables, and survey points on NMDS axes. Green points: 
locations used by Greenland white-fronted geese; blue points: random locations. Red points: 
positions of the input plant variables. Overlapping plant community labels are ‘Mire woody’, 
‘Ericaceae’ and ‘Eriophorum’. 

 
Axis-1 separates plant variables associated (in our study area) with mire communities 
(‘Sphagnum’, ‘Mire woody’, ‘Ericaceae’, ‘Eriophorum’) from variables associated with 
grassland communities (‘Lolium’, ‘Graminoid’, ‘Juncaceae’, ‘Tall marsh herb’, ‘Forb’) (Table 
13). Axis-2 separates grassland variables based on their association with improvement 
(including drainage) and re-seeding: from ‘Lolium’ cover and ‘Graminoid’ cover (negative 
scores) to ‘Juncaceae’ and ‘Tall marsh herb’ (positive scores), with ‘Forbs’ somewhat 
intermediate. Axis-3 strongly separates two variables that are associated with wetter, less 
improved grassland: Juncaceae (negative) and Tall marsh herbs (positive), with other 
variables being intermediate.  
 

Table 13. Factor loadings for plant variables derived from non-metric multi-dimensional 
scaling. 

Variable Axis-1 score Axis-2 score Axis-3 score 
Lolium -0.439 -0.433 -0.022 
Graminoid -0.072 -0.085 -0.049 
Juncaceae -0.266 0.593 -0.541 
Marsh herb -0.529 0.672 0.695 
Sphagnum 1.071 0.119 -0.170 
Mire woody 1.244 -0.175 0.025 
Ericaceae 1.290 -0.212 0.057 
Eriophorum 1.170 -0.123 -0.114 
Forb -0.216 0.230 0.214 

 

Inspection of the scores for and random points indicates that areas used by Greenland white-
fronted geese tend to have high values on axis-2 and axis-3, relative to random points, with 
some suggestion of an association with low values on axis-1. 
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The GLMM’s confirmed the pattern suggested by the NMDS. Greenland white-fronted geese 
were positively associated with axis-2 (less improved areas) and axis-3 (areas with tall marsh 
herbs). There was a weak negative association with axis-1. There were no significant 
interactions (Table 14). 
 

Table 14. GLMM model estimates for the effect of NMDS axis scores on Greenland white-
fronted goose habitat use. 

Fixed effect 
Parameter 
estimate 

S.E. Chi-sq (df=1) P 

Intercept 0.79 0.17 - - 
axis-1 -0.57 0.29 3.84  0.050 
axis-2 2.45 0.56 22.5 <0.0001 
axis-3  1.38 0.72 3.96 0.047 
axis-1 x axis-2 -2.37 1.59 1.94  0.16 
axis-2 x axis-3 3.58 2.89 1.67  0.20 
axis-1 x axis-3 -0.59 1.57 0.14 0.71 

N = 66 random points, 126 points used by Greenland white-fronted geese. 

 
4.4.2 Broad-scale habitat selection by Greenland white-fronted geese and barnacle geese 

4.4.2.1 Analytical methods 

We modelled field selection separately for Greenland white-fronted geese and barnacle geese 
using Generalised Additive Mixed Models (GAMM). The response variable ‘Goose count’ 
(number of positive counts) was modelled with a Poisson distribution using a log-link function.  
 
Correlation plots (correlograms) of standardised model residuals indicated significant spatial 
autocorrelation between points, so a spatial correlation structure was used to control for this 
in the model. We determined the optimal correlation structure (ratio, spherical, exponential, or 
Gaussian) by testing full models for each structure in turn (using REML estimation), and 
selecting the structure with lowest AIC. 
 
It is likely that temporal autocorrelation was also present in the repeated counts of geese in 
fields, but including a temporal component at the same time would have been unmanageably 
complex. 
 
We had no reason to suspect that the relationships between explanatory variables and the 
number of goose counts would be linear. We therefore modelled all of the continuous 
explanatory variables ‘Field area’, ‘Altitude’, ‘Visibility’, ‘Roost availability’, ‘Distance to road’ 
and ‘Distance to building’ as smoothers using a thin-plate regression spline (N = 3 knots). 
 
For a subset of fields, we also investigated whether, within a preferred vegetation type, goose-
use could be explained further by variation in ‘Wetness’ and ‘NDVI’. 
 
To examine the association we used GAMMs (separately for each species) with ‘Goose count’ 
as the response variable and ‘Grassland type’ and ‘NDVI’ as explanatory variables, where 
‘Grassland type’ was either ‘improved grassland_permanent’ or ‘improved grassland_recent’ 
and fields containing all other vegetation types were omitted. A ‘ratio’ spatial correlation 
structure and thin-plate regression splines with (N = 3 knots) were retained as per the previous 
analysis. We tested three models (1) ‘Grassland type’ main effect and separate ‘NDVI’ 
smoothers for each ‘Grassland type’; (2) ‘Grassland type’ main effect and a single ‘NDVI’ 
smoother; (3) a single ‘NDVI’ smoother. A Poisson error distribution and log-link function was 
used, and we selected the model with the lowest AIC. 
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To examine the association of geese with soil ‘Wetness’, we repeated this procedure to 
develop four potential models, but used a ‘Vegetation type’ variable comprising the categories 
‘improved grassland_permanent’, ‘improved grassland_recent’, ‘wet pasture_fen’ and ‘wet 
pasture_inundation’, with all other vegetation types omitted. 
 
4.4.2.2 Results 

Greenland white-fronted geese were detected at least once in 29% (869 out of 2,984) of fields 
included in the statistical analysis, and more than once in 14% of fields. The maximum number 
of positive Greenland white-fronted goose counts per field was 12. Barnacle geese were 
detected in 26% (790) of fields, and more than once in 14%. The maximum number of barnacle 
goose detections per field was 15. 
 
The final habitat selection model for Greenland white-fronted geese included the variables 
‘Dominant vegetation’, ‘Field area’, ‘Altitude’, ‘Roost availability’, ‘Distance to buildings’, 
‘Distance to roads’ and ‘Visibility’, (adjusted R2 = 0.132). The same variables were included 
for barnacle geese (adjusted R2 = 0.231), though the lack of telemetry data for this species 
meant there was no ‘Roost availability’ variable for this model. 
 
Field-scale habitat selection by Greenland white-fronted geese 
There were strong positive associations between goose use and dominant vegetation type. 
Greenland white-fronted geese showed greatest use of newly reseeded grassland, followed 
by recent reseeds and then barley stubbles. Longer-term improved grassland and fens were 
less heavily used, followed by inundated wet pasture. Blanket bog and acid grassland/heath 
were used very little (Table 15). 
 

Table 15. Parameter estimates for the effect of dominant vegetation type on Greenland white-
fronted goose frequency of occurrence on Islay fields during 2013/14. 

Parameter Estimate S.E. 
Intercept -2.13 0.28 
Improved grassland_reseed 1.98 0.30 
Improved grassland_recent 1.70 0.28 
Barley 1.66 0.34 
Improved grassland_permanent 1.48 0.28 
Wet pasture_fen 1.45 0.29 
Wet pasture_inundation 1.14 0.27 
Blanket bog 0.18 0.38 

Parameter estimates are from a Poisson GAMM, with smoothers for ‘Field area’, and mean ‘Altitude’, 
‘Distance to buildings’, ‘Distance to roads’, ‘Roost availability’ and ‘Visibility’, and a ‘Ratio’ spatial 
structure. ‘Acid grassland’ is the reference parameter (not shown). Response variable was the number 
of occurrences of white-fronted geese by field during winter 2013/14. N = 2,904 fields. 

 
The modelled parameters of the smooth terms and their associated plots are presented in 
Table 16 and Figure 15 respectively. The effects of ‘Field area’ on Greenland white-fronted 
goose frequency were large, and declined at smaller and particularly large field sizes. There 
was a strong, negative linear effect of ‘Distance to roads’, with Greenland white-fronted geese 
being more frequent in fields closer to roads. The effects of ‘Altitude’, ‘Distance to buildings’ 
and ‘Roost availability’ were smaller: ‘Altitude’ and ‘Distance to Buildings’ both had negative 
linear effects on goose frequency, with geese being more frequent in fields at low altitudes 
and close to buildings. Greenland white-fronted geese were generally more frequent in fields 
with moderate ‘Roost availability’ and declined at the upper and lower extremes of ‘Roost 
availability’. Greenland white-fronted geese were also most frequent in fields with low visibility 
(landscape openness), with a linear decline at higher visibilities, although the effect was not 
significant. 
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Table 16. Estimated degrees of freedom (edf) and significance of smooth terms included in 
field-selection model for Greenland white-fronted geese. 

Smooth term edf F* p-value 
Field area 1.97 47 <0.0001 
Altitude 1.00 8.8 0.003 
Roost availability 1.79 6.8 0.002 
Distance to buildings 1.00 7.3 0.007 
Visibility 1.00 3.6 0.06 
Distance to roads 1.53 24.6 <0.0001 

Estimates are from a Poisson GAMM, with ‘Dominant vegetation’ as a categorical fixed effect, and a 
ratio spatial structure. Response variable was the number of occurrences of white-fronted geese by 
field during winter 2013/14. N = 2,904 fields. * for each smoother, numerator (model) df = edf, and 
denominator (residual) df = 2886. 
 
 

 

Figure 15. Effect of covariates on Greenland white-fronted goose frequency of occurrence. 
Curves are from a Poisson GAMM, with smoothers for ‘Field area’, and mean ‘Altitude’, 
‘Distance to buildings’, ‘Distance to road’, ‘Roost availability’ and ‘Visibility’, and a ‘Ratio’ 
spatial structure. Response variable was the number of occurrences of white-fronted geese 
during winter 2013/14. 95% confidence intervals are shown by dotted lines. Variables on x-
axes are scaled and centred. 
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Field-scale habitat selection by Greenland barnacle geese 
Barnacle geese showed greatest use of newly reseeded grassland, followed by recent 
reseeds and then longer-term improved grassland. Fen and barley stubbles were less heavily 
used, followed by inundated wet pasture. Mire and acid grassland/heath were used very little 
(Table 17). 
  
The modelled parameters of the smooth terms and their associated plots are presented in 
Table 18 and Figure 16 respectively. The effects of ‘Field area’ and ‘Altitude’ were large. 
Barnacle geese were associated with intermediate field sizes. There was a strong, negative 
linear effect of ‘Altitude’: barnacle geese were much more frequent at low altitudes. The effects 
of ‘Distance to buildings’, ‘Distance to roads’ and ‘Visibility’ were far smaller. Barnacle geese 
were most frequent at low and high distance to buildings, and least frequent at intermediate 
values, but the effect was not significant. Barnacle geese were more frequent close to roads, 
and became less frequent at greater distances, with the effect levelling off above intermediate 
values. Similarly barnacle geese were most frequent in fields with low visibility, with a linear 
decline at higher visibilities, although the effect was only marginally significant. 
 

Table 17. Parameter estimates for the effect of dominant vegetation type on barnacle goose 
frequency of occurrence on Islay fields during 2013/14. 

Parameter Estimate SE 
Intercept -2.62 0.28 
Improved grassland_reseed 2.35 0.31 
Improved grassland_recent 2.27 0.29 
Improved grassland_permanent 2.01 0.28 
Wet pasture_fen 1.66 0.30 
Barley 1.54 0.38 
Wet pasture_inundation 1.24 0.29 
Blanket bog 0.53 0.38 

Parameter estimates are from a Poisson GAMM, with smoothers for ‘Field area’, and mean ‘Altitude’, 
‘Distance to buildings’, ‘Distance to roads’ and ‘Visibility’, and a Gaussian spatial structure. Acid 
grassland is the reference parameter (not shown). Response variable was the number of occurrences 
of barnacle geese by field during winter 2013/14. N = 2,904 fields. 
 

Table 18. Estimated degrees of freedom (edf) and significance of smooth terms included in 
field-selection model for barnacle goose. 

Smooth term edf F* p-value 
Field area 1.98 117 <0.0001 
Altitude 1.00 140 <0.0001 
Distance to buildings 1.70 2.6 0.085 
Visibility 1.00 11.9 0.011 
Distance to roads 1.82 6.5 <0.0001 

Estimates are from a Poisson GAMM, with ‘Dominant vegetation’ as a categorical fixed effect, and a 
Gaussian spatial structure. Response variable was the number of occurrences of barnacle geese by 
field during winter 2013/14. N = 2,904 fields. * for each smoother, numerator (model) df = edf, and 
denominator (residual) df = 2889. 
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Figure 16. Effect of covariates on barnacle goose frequency of occurrence. Curves are from 
a Poisson GAMM, with smoothers for ‘Field area’, and mean ‘Altitude’, ‘Distance to buildings’, 
‘Distance to roads’ and ‘Visibility’, and a Gaussian spatial structure. Response variable was 
the number of occurrences of barnacle geese during winter 2013/14. 95% confidence intervals 
are shown by dotted lines. Variables on x-axes are scaled and centred. 

 
Importance of NDVI in field selection 
NDVI was substantially higher in recently reseeded than in permanent improved grassland 
fields (Figure 17). 
 
For Greenland white-fronted geese, the best model (lowest AIC, ΔAIC = 22.6) contained a 
single smoother for both grassland types. The smoother had edf = 1 (a linear relationship) and 
indicated a strongly positive relationship between NDVI and Greenland white-fronted goose 
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frequency of occurrence (F1,1342 = 22.2, P < 0.0001, N = 1,344 fields, Figure 18).

 
 
For Greenland barnacle geese the best model (lowest AIC, ΔAIC = 6.21) contained a single 
smoother for both grassland types. The smoother had edf = 1 (a linear relationship) and 
indicated a strongly positive relationship between NDVI and barnacle goose frequency (edf = 
1, F1,1,342 = 9.55, P = 0.002, N = 1,344 fields, Figure 18). 
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Figure 17. Boxplot of NDVI for two improved grassland types. 
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Figure 18. Modelled relationships between NDVI and goose occurrence. Curves are plotted 
for an NDVI range corrresponding to the observed 5th-95th percentiles for each improved 
grassland type. Based on predicted values ±SE from a GAMM model, using frequency of 
occurrence of geese as the response variable, and ‘NDVI’ as explanatory variable, for only 
those fields that were classified as ‘improved grassland_permanent’ or ‘improved 
grassland_recent’. 

 
Importance of wetness in field selection 
Interrogation of average field wetness values derived from the ‘wetness’ raster showed that, 
on average, recently reseeded grasslands were drier than permanent improved grasslands, 
and these were in turn drier than inundated wet pasture and fen pasture (the former being 
slightly wetter than the latter) (Figure 19). 
 
Examining the association between field wetness and Greenland white-fronted goose 
occurrence, the best model (lowest AIC, ΔAIC = 33.9) contained a separate smoother for each 
grassland type (recently reseeded, permanent improved, wet pasture, fen pasture, (Table 19). 
Greenland white-fronted goose occurrence was strongly negatively associated with ‘Wetness’ 
(Figure 20). Among drier fields, there was relatively little difference in frequency of occurrence 
among the different vegetation types, but there was some indication that among wetter fields, 
fen pasture was preferred.  
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Figure 19. Boxplot of field wetness for four grassland types. 

 

Table 19. Effect of field wetness on Greenland white-fronted goose frequency of occurrence 
on grassland fields on Islay during 2013/14. 

Parameter Estimate SE P 
Intercept -0.50 0.089 - 
Wetness (dominant vegetation = improved 
grassland_permanent) 

edf=1.93  <0.0001 

Wetness (dominant vegetation = improved 
grassland_recent) 

edf=1.76  <0.0001 

Wetness (dominant vegetation = wet pasture_fen) edf=1.87  0.032 
Wetness (dominant vegetation = wet 
pasture_inundation) 

edf=1.48  0.0001 

Parameter estimates are from a Poisson GAMM, using frequency of occurrence of Greenland white-
fronted geese by field (N = 2,397 fields; residual df = 2,389) during winter 2013/14 as the response 
variable, for only those fields that were one of four main grassland types.  
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Figure 20. Modelled relationships between ‘Wetness’ and Greenland white-fronted goose 
frequency of occurrence for different grassland types. Curves are plotted for a wetness range 
corrresponding to the observed 5th-95th percentiles for each grassland type. Greenland white-
fronted goose frequency represents modelled number of occurrences per winter. 

 
The best fitting GAMM for frequency of barnacle goose occurrence as a function of ‘Wetness’ 
had a single smoother for all four grassland types and no ‘Vegetation type’ main effect (ΔAIC 
= 13.2, ‘Wetness’, F1.93,2394 = 50.7, P<0.0001, N = 2,397 fields). As with Greenland white-
fronted geese, barnacle goose occurrence was strongly negatively associated with ‘Wetness’ 
(Figure 21). 
 
4.4.2.3 Discussion 

Within fields used by the species, Greenland white-fronted geese tended to select grassland 
areas more than mire areas. Within the grassland areas, they were strongly associated with 
less improved locations, as indicated by high forb species richness and low rye-grass cover. 
They were also associated with wetter areas. This was indicated by their tendency to show 
positive values on NMDS axis-2, which are associated with marsh herbs and rushes. However, 
the positive axis-3 association suggests that within the wetter grassland areas, they were 
selecting in particular the areas with marsh herbs, and are not selecting areas dominated by 
Juncus. The association with less improved and wetter grassland types may have a temporal 
component, with the birds tending to avoid areas that have recently been re-seeded and 
increasingly using them as they revert over years to a more varied sward. The association 
with marsh herbs as opposed to rush-dominated areas may reflect preference for more open 
vegetation. The herbs have largely died down during the winter period in which the geese are 
present, meaning that such areas are likely to be rather bare and open, possibly with some 
open water, which perhaps provides opportunities for the geese to graze, dig, and drink. 
Dense rush stands are possibly harder to feed among (rushes themselves are not eaten). The 
marsh herb preference may also be direct: the geese may feed upon the roots and storage 
organs of such plants. 
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Figure 21. Modelled relationship (± 1 S.E.) between ’Wetness’ and barnacle goose 
occurrence.  Barnacle goose frequency represents modelled number of occurrences per 
winter.  

 
In contrast to the preference for wetter, less improved grassland types shown in the fine-scale 
study, at the field scale, Greenland white-fronted geese were strongly associated with more 
recently seeded improved grasslands, suggesting that the drivers of habitat selection differ 
according to spatial scale. Barnacle geese showed almost identical field-scale vegetation 
preferences to Greenland white-fronted geese, including a similar association with more 
recently improved grasslands. There was, however, some indication that Greenland white-
fronted geese show a higher preference for fen habitat than did barnacle geese. 
 
The observed low use of barley stubble fields by barnacle geese may be an artefact of the 
timing of SNH goose counts - counts start in November, by which time barnacle geese may 
well have depleted the spilt grain in the barley stubbles. Greenland white-fronted geese, which 
were found to strongly select barley fields, may exploit the remaining resource once the 
barnacle geese have moved on. The two species may also exploit the stubbles in different 
ways e.g. feeding on different parts of the plant remains. Further investigation into how 
stubbles are exploited would be necessary to explain these differences between species. 
 
Both goose species were strongly associated with high NDVI values, supporting the finding of 
a strong preference for the most improved i.e. recently reseeded fields. The slight negative 
association between NDVI in more recent grasslands and barnacle goose occurrence 
indicates some habitat selection differences between the two species.  
 
Both species also tended to select drier fields within grassland and wet pasture habitat types, 
which is unsurprising considering the strong negative correlation between wetness and NDVI. 
This is in contrast to the selection of wetter areas detected at the fine-scale for Greenland 
white-fronted geese. There was, however, some indication that at moderate to high levels of 
field wetness, Greenland white-fronted geese prefer wet fen habitat to the other grassland and 
wet pasture types, with inundated vegetation being the least preferred. This again suggests 
that under certain conditions, Greenland white-fronted geese associate with open, marshy 
areas that are likely to have relatively poor coverage of above-ground vegetation in winter. 
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This preference was not observed for barnacle geese, which appear to have higher preference 
for improved grasslands regardless of wetness. 
 
The selection by Greenland white-fronted geese for low-lying fields close to roads and 
buildings, with low visibility (landscape openness) and of moderate size, suggests a 
preference for low-lying, sheltered areas over the higher, more exposed fields. While variance 
inflation factors (collinearity) between these explanatory variables were relatively small, there 
is no doubt some correlation between variables (e.g. roads and buildings generally occur in 
the lower-lying areas). We excluded some very large fields in relatively inaccessible 
(predominately moorland and bog) areas of the island, where complete coverage by SNH 
counters of all parts of the field seemed unlikely. However it remains probable that a counting 
bias (e.g. an increased probability of detecting goose flocks in lower-lying fields close to roads) 
exists which we may not have accounted for. 
  
4.5 Response of Greenland white-fronted geese to barnacle goose management 

Management of barnacle geese by shooting disturbance may adversely affect time-energy 
budgets of wintering Greenland white-fronted geese on Islay. The main mechanisms by which 
this could occur are: (1) shooting disturbance causes flocks to flush from the fields which they 
had selected for feeding, resulting in reduced feeding time and increased energy expenditure 
(due to extra flight time); (2) shooting disturbance causes reduced feeding and increased 
vigilance/alert behaviour in feeding flocks, thereby reducing energy intake rates; (3) shooting 
disturbance forces Greenland white-fronted geese onto sub-optimal habitat. Any such effect 
needs to be seen in the context of other sources of disturbance, anthropogenic and otherwise. 
If barnacle goose management imposes only a small additional disturbance burden on 
Greenland white-fronted geese, then it may not have important effects on their fitness. We 
therefore considered the frequency of disturbance due to barnacle goose management 
relative to other sources of disturbance, the intensity of the disturbance effect on flock flushing 
and time-budgets, the impact of disturbance upon distances flown, and the impact of 
disturbance upon habitat choice. 
 
4.5.1 Relative frequency of disturbance due to different sources 

4.5.1.1 Analytical methods 

We expected the frequency of disturbance events to vary with time of day and date, and for 
this variation potentially to differ between different sources of disturbance. However, the 
observation sessions were not timed to give equal coverage of all times of day and were not 
evenly distributed throughout the winter, and therefore raw calculations of the frequency of 
disturbance due to different sources may be biased. We also suspected that the fields in which 
behavioural observations were made were not a random sample, with respect to frequency of 
disturbance events, because they were likely to be relatively accessible by road, and hence 
for example potentially had higher than average road traffic. Therefore, in order to produce 
estimates of disturbance frequency that represent spatially and temporally unbiased averages 
for an Islay winter, we used Generalised Additive Models (GAMs) to examine the effect of time 
of day, date, distance to roads and distance to buildings on source-specific disturbance 
frequency. We then used predictions from the models to estimate the frequency of disturbance 
for fields used by Greenland white-fronted geese on Islay, across the whole winter. 
 
Road proximity for each field was calculated as the Euclidean distance between the field 
centroid and the nearest road (‘Road distance’). Building proximity was calculated as the 
Euclidean distance between the field centroid and the nearest building (‘Building distance’). 
‘Time of day’ was modelled as minutes after 09:00 (this being the time of earliest 
observations). ‘Date’ was modelled as days after 1st November. Both ‘Time of day’ and ‘Date’ 
were modelled as thin plate regression splines (N = 6 knots). Separate models were developed 
for the frequency of each of the main disturbance sources: road vehicles, farm vehicles and 
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raptors. The response variable in each case was the number of disturbance events in an 
observation session, modelled as a quasi-poisson variable with a log-link function, with loge 
session duration (hours) as an offset. For road vehicles and farm vehicles, we tested the effect 
of ‘Road distance’, ‘Building distance’, ‘Time of day’ and ‘Date’. 
 
The observation protocol was designed to give a useable sample size of occasions upon which 
the impact of shooting disturbance on Greenland white-fronted goose behaviour could be 
measured. Consequently, the selection of observation locations and times was biased towards 
those where marksmen were found or anticipated. For this reason, we used a separate, 
independent data-set to estimate the frequency of shooting disturbance, as follows: we 
selected the full set of GPS telemetry fixes that were taken during day-time, on the ground, 
and within one of the SNH coded fields (N = 13,070 fixes). We assumed that the bird was 
present at this location from the moment that the fix occurred until 30 minutes after the fix (30 
minutes being the minimum time between successive GPS telemetry fixes under normal 
circumstances; where fixes were less than 30 minutes apart we omitted them from analysis). 
While this is clearly a generalization, it is unbiased with respect to the probability of a 
disturbance event occurring. We used the database on marksman shooting events to 
determine the number of shooting events within the 30-min time window for each fix (75 events 
in 392,100 minutes = 0.0115 events per hour). 
 
We then modelled the frequency of shooting disturbance events in the same way as for other 
sources of disturbance above. We used quasipoisson GAMMs, with each fix as an 
observation, the number of shooting events as the response, and the loge 30 mins as the 
offset. The identity of the bird was used as a random intercept, to allow for non-independence 
among fixes from the same individual (due, for example, to individual birds occupying home 
ranges that were more or less frequently visited by marksmen). We modelled smoothers for 
‘Time of day’ (minutes after 05:00 hrs) and ‘Date’ (days after 1st Oct) as for other disturbance 
sources. The reference points for time and date were different to the other disturbance 
sources, because telemetry extended from early October to early April, encompassing some 
longer days. We also included as an explanatory variable an estimate of the overall seasonal 
‘Shooting disturbance intensity’ at that location (see Section 3.2.12). This allowed us to control 
for a potentially non-random distribution of tagged birds in relation to shooting intensity, and 
to predict frequency of shooting disturbance for any location with known shooting intensity 
value. 
 
4.5.1.2 Results 

Across both study winters, shooting disturbance of barnacle geese occurred on 77% of days 
during November to March, with an average of 12 (SD = 6) shooting incidents per day during 
2013/14, resulting in 25 (SD = 13) shots being fired per day, and an average 10 (SD = 5) 
shooting incidents per day in 2014/15 (average 22 (SD = 12) shots per day) (Table 20). 
 

Table 20. Summary of marksman shooting effort on Islay during the study. 

Winter 
Fields 
shot 
over 

Shooting 
incidents1 

Shots 
fired 

Barnacle 
geese 
killed 

Incidents when 
white-fronts 

present 

Days on which 
shooting 
occurred 

2013/14 215 1,426 2,932 1,543 137 117 
2014/15 191 1,215 2,460 1,295 117 117 

1number of separate occasions on which individual fields were shot over (independent of number of 
shots fired on that occasion); a measure of the number of shooting ‘incidents’. 

 
The SNH marksmen are required to record occasions when shots were fired at barnacle goose 
flocks when Greenland white-fronted geese were present in the same field. In 2013/14, 
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Greenland white-fronted geese were present in the same field on 137 (9.6%) shooting 
occasions, and in 2014/15 they were present on 117 (9.6%) shooting occasions. 
 
During observation sessions, 312 potential disturbance events were recorded, of which 160 
were due to road vehicles (51%, 0.0494 per minute), 43 to farm vehicles (14%, 0.0133 per 
minute), 6 to raptors (2%, 0.00185 per minute) and 63 to marksmen (20%, 0.0195 per minute). 
Forty disturbance events (13%) had miscellaneous other causes. Of the marksman 
disturbances, 21 were caused by shooting, and 42 were caused by the passing of the 
marksmen’s vehicles. 
 
GAM’s indicated that road vehicle disturbance was more frequent in fields that were close to 
a road (Table 21, Figure 22). Farm vehicle disturbances showed a u-shaped relationship with 
‘Date’, with high frequency early and late in the winter, and low frequency in mid-winter; they 
were also more frequent in fields that were close to buildings. Raptor disturbance frequency 
did not vary with any explanatory variables, although power to detect any such effect was very 
low, because of the low frequency of raptor disturbance. Shooting disturbance increased 
through the winter. It also showed a humped relationship with ‘Time of day’, being low in 
morning and late afternoon, and peaking in the middle of the day. Shooting disturbance was 
positively related to ‘Shooting intensity value’. 
 

Table 21. Final models for factors affecting frequency of disturbance by different causes. 

Model Parameter Parameter 
estimate 

SE P 

Road vehicle disturbance Intercept 1.47 0.22 - 
Time of day (smoother) edf=1.95  0.41 
Date (smoother) edf =1.00  0.63 
Road distance -0.51 0.27 0.038 
Building distance 0.15 0.21 0.46 

Raptor disturbance Intercept -2.19 0.40 - 
Time of day (smoother) edf =4.78  0.63 
Date (smoother) edf =4.81  0.76 
Road distance 0.38 0.56 0.58 
Building distance 0.52 0.74 0.50 

Farm vehicle disturbance Intercept 0.28 0.43  
Time of day (smoother) edf =1  0.85 
Date (smoother) edf =2.64  0.0051 
Road distance 0.15 0.26 0.54 
Building distance -0.96 0.56 0.048 

Shooting disturbance Intercept -6.03 0.22 - 
Time of day (smoother) edf =4.00  0.00094 
Date (smoother) edf =1.00  0.013 
Shooting intensity value 0.41 0.079 <0.0001 

Models are quasipoisson GAMs, except for shooting disturbance which is a quasipoisson GAMM, with 
tracked bird identity as a random intercept. Parameter estimates are for standardised variables. N = 
109 observation sessions. 
For vehicle disturbance, time of day = minutes after 09:00 hours, date = days after 1st November; for 
shooting disturbance; time of day = minutes after 05:00 hours; date = days after 1st October. 
 

We used the models to predict the unbiased mean frequency of each disturbance cause for 
Greenland white-fronted goose flocks on Islay. For frequency of disturbance by road vehicles, 
we predicted the frequency for a weighted (by frequency of Greenland white-fronted goose 
occurrence) mean of ‘Road distance’ values for fields in which Greenland white-fronted geese 
were recorded present in the SNH field count data-set. 
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For frequency of disturbance by farm vehicles, we calculated frequency for a weighted mean 
value of ‘Building distance’ for fields occupied by Greenland white-fronted geese, across a 
systematic sample of dates between 1st November and 20th March (the range of dates for 
which we had flock observation data), and took the mean of these values. For raptors, the 
model gave a single constant estimate because no explanatory variables were significant.  
 
For shooting disturbance, we calculated frequency for a weighted mean value of ‘Shooting 
intensity value’ for fields occupied by Greenland white-fronted geese. We estimated shooting 
frequency for a systematic sample of dates and times, and took the mean. Because the 
shooting frequency model was derived from telemetry data across entire winters and all 
daylight hours, we used as our sample ‘Date’ range a median arrival and departure date for 
Islay Greenland white-fronted geese (20th October, 10th April) and as our sample ‘Time of day’ 
range, we used the daylight hours for each date, calculated from 
http://aa.usno.navy.mil/data/docs/RS_OneYear.php.  
 
The modelled unbiased mean frequency of road vehicle disturbance was 3.06 per hour (63% 
of all disturbance events), for farm vehicle 0.95 per hour (19%), for marksman disturbance 
0.0070 per hour (0.14%), for raptors 0.11 per hour (2.3%) and for other/unknown sources, 
0.75 per hour (15%). Note that these unbiased estimates differ substantially from raw 
estimates (see above), because of biases in when and where the flock observations were 
made and telemetry data obtained. During flock observations, marksmen created disturbance 
by driving around and checking on goose flocks, as well as by entering fields to fire shots: the 
former disturbance was twice as common as the latter. Hence, disturbance caused by 
marksmen (as opposed to specifically due to shooting) occurs at approximately three times 
the rate noted above.  
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Figure 22. Models of factors affecting frequency of disturbance events. Points are observed 
values for observation sessions. Thick red lines: predicted values from the final models. Thin 
red lines: model predictions ±SE. 
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4.5.2 Behavioural response to disturbance 

Probability of flock flushing 
 
4.5.2.1 Analytical methods 

We used the flock observation data to examine the probability of a disturbance event (1) 
resulting in the focal Greenland white-fronted goose flock flushing (taking to flight) and (2) 
perturbing the time-budgets of flocks that were not flushed. 
 
We modelled the probability of a shooting disturbance event causing a flush (N = 21 events, 
10 flushes). Initially we developed a GAM with ‘Date’ as a smoother (N = 3 knots), ‘Distance 
of flock from shot’ (calculated as the distance between the centroid of the field in which the 
birds were present and the fields in which the shot(s) took place, which serves as an unbiased 
approximation; average field area = 5.8 ha), the ‘Method of shooting’ (shotgun or rifle) and 
‘Flock size’ as explanatory variables. The response variable was whether or not the flock was 
flushed, treated as a binomial. However, the ‘Date’ smoother showed no sign of non-linearity 
(edf = 1), so we reverted to a GLM, with ‘Date’ as a linear covariate. 
 
In the case of road traffic, farm traffic or raptors, there were too few flushes to model the 
explanatory factors, so probability of flushing was modelled as a binary response in a binomial 
model with logit-link function and no explanatory variables. 
 
4.5.2.2 Results 

The probability of an observed cause of disturbance causing the flock to flush varied greatly 
between the different disturbance factors, with nearly half of shooting events resulting in the 
focal flock flushing, but less than 2% of road vehicles (not including marksmen’s vehicles) 
causing the focal flock to flush (Table 22). 
 

Table 22. Proportion of disturbance events resulting in a flush of the focal flock of Greenland 
white-fronted geese. 

Disturbance factor 
Number of 

events 
Number of flushes 

(% of events) 
Flushes per hour1 

Road vehicles 160 3 (1.9%) 0.058 
Farm vehicles 43 2 (4.7%) 0.045 
Raptors 6 1 (16.7%) 0.018 
Other causes 40 2 (5%) 0.038 
Marksman (no shooting) 42 5 (11.9%) 0.001612 
Marksman shooting 21 10 (47.6%) 0.0033 
TOTAL 312 23 (7.4%) 0.153 

1 Flushes per hour calculated as the product of the frequency of disturbance events (see above) and 
the proportion of events that led to flushes. 
2 An approximation based on the observation that marksman disturbance caused by activities other 
than shooting were twice as common as shooting events during observation sessions. 

 
Combining unbiased disturbance frequency estimates with the proportion of occasions on 
which disturbance causes the flock to flush results in estimates of the overall frequency of 
flock flushes caused by each disturbance factor (Table 22). This indicates that on average, 
Greenland white-fronted goose flocks are flushed by disturbance every 6.5 hours, and that 
only c. 3.2% of flock flushes are caused by marksman activity.  
 
The probability of shooting resulting in a flush was greatest when the shooting was closer to 
the focal flock, and was not affected by ‘Shooting method’ (either rifle or shotgun), ‘Flock size’ 
or ‘Date’ (Table 23). Where shooting was <400 m from the flock, the probability exceeded 
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50%, and at 600-800 m the probability remained substantially higher than zero (Figure 23). 
Note that the relatively small sample size makes the estimation of this relationship relatively 
imprecise. 
 

Table 23. General Linear Model of factors affecting the probability that a shooting disturbance 
event will result in the flock flushing. 

Parameter Parameter estimate (SE) P 
Intercept 2.86 (1.33) - 
Distance from shot (m) -0.00064 (0.0028) 0.0045 
Date -0.042 (0.045) 0.28 
Flock size 0.015 (0.022) 0.49 
Shooting method -0.781 (1.35) 0.55 
   

Estimates are from a binomial model, with each shooting occasion as an observation, and whether the 
flock flushed (1) or did not flush (0) as the response variable. N = 21 shooting occasions. 
1 Estimate shown is for shotgun shooting, where rifle shooting is the reference value (parameter 
estimate of zero). 

 
Distance moved by GPS tracked birds 
 
4.5.2.3 Analytical methods 

We also used telemetry data from GPS tracked Greenland white-fronted geese to examine 
the effect of shooting disturbance on movements of unobserved birds. First we examined 
whether the rate of movement between successive telemetry fixes was positively related to 
the proximity of shooting disturbance events. Second, we determined whether birds travelled 
further during days in which shooting disturbance events occurred close to them. 
 
For each interval between successive day-time telemetry fixes on the same day, we calculated 
the distance moved by the bird. For analysis, we selected those inter-fix intervals in which the 
SNH marksmen database recorded the occurrence of a shooting disturbance event (N = 4,287 
intervals, 25 different birds), and where inter-fix interval was <100 mins, and calculated the 
distance between the bird’s position at the beginning of the interval and the nearest shooting 
event.  
 
Data were analysed via a GLMM. The (Gaussian) response variable was the natural log of the 
‘Distance moved’ between two consecutive fixes (m) divided by the ‘Inter-fix interval’ (with loge 
‘Distance to shooting’ event as a fixed covariate and ‘Winter’ as a factor. ‘Bird identity’, was 
used as a random intercept. 
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Figure 23. Probability of the focal Greenland white-fronted goose flock flushing as a function 
of distance from marksman shooting. Points indicate distances of focal flocks from shooting 
events. Thick red line: fitted logistic curve; thin red lines: fitted curve ± SE. 

 
To examine whether changes in the distance moved between successive fixes translates into 
a change in the total daily distance travelled we conducted a further analysis, using the logged 
rate of movement during each bird-day as the response variable (sum of inter-fix intervals (m) 
divided by time between first and last fix (hours). We selected only bird-days in which the inter-
fix interval was ~1 hour, and in which the bird was tracked for at least three hours in total. We 
initially developed a GAMM, with the occurrence/absence of ‘Shooting disturbance’ within 
1,000 m of that bird at some point during the day as a categorical factor, along with ‘Winter’, 
with a smoother for ‘Date’ (n = 6 knots). ‘Bird identity’ was used as a random intercept, and a 
Gaussian distribution was modelled. There were 105 bird-days with a disturbance event, and 
1,293 bird-days without. 
 
Note that the increase in absolute distance travelled is not relevant here. The distance 
between the positions of successive fixes is an indicator of the distance that the bird moves, 
but because we have an inter-fix interval of c.60 mins, it is very far from being a true measure 
of distance moved during the time interval. Hence we are interested primarily in the 
proportional increase in distance moved, which we take to be an unbiased estimate of the 
change due to shooting disturbance. 
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4.5.2.4 Results 

The closer a bird was initially to a shooting disturbance event, the greater the distance it moved 
during the inter-fix interval (GLMM, parameter estimate for loge ‘Distance to shooting’ = -0.13, 
SE = 0.024, P <0.0001, Figure 24). The model predicted a mean rate of movement of 184 m 
hr-1 for birds that experienced shooting disturbance events at a proximity of 75 m (the closest 
observed distance), with a rapid initial decline to 157 m hr-1 at a proximity of 250 m. At 1,500 
m distance, the rate of movement was effectively at background levels, and the mean was 
around 124 m hr-1. Hence, birds that were very close to a disturbance event increased their 
movement by ~50%. There was a significant effect of ‘Winter’ on the rate of movement: birds 
tended to move more rapidly during winter 2013/14 than 2014/15 (parameter estimate for 
winter 2014/15 = -0.20, SE = 0.05, P =0.0003). 
 
Daily movement distance was also positively associated with the occurrence of shooting 
disturbance in proximity to the tracked bird (Table 24). Birds that experienced a shooting 
disturbance within 1,000 m travelled approximately 30% further during that day than birds 
which were undisturbed (Figure 25). 

 

 

Figure 24. Rate of movement of Greenland white-fronted geese between consecutive 
telemetry fixes as a function of distance from a shooting disturbance event during the inter-fix 
interval. Plot shows rate of movement for inter-fix intervals during which a shooting disturbance 
event occurred within 1,500 m and inter-fix interval <100 min. Thick black lines represent mean 
values, boxes represent inter-quartile ranges. N = 4,287 inter-fix intervals from 25 tracked 
birds. 
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Table 24. Modelled effect of shooting disturbance on daily distance travelled by Greenland 
white-fronted geese. 

Parameter Parameter estimate SE P 
Intercept 4.87 0.15 - 
Shooting disturbance (present) 
 

0.27 0.085 0.00013 

Date 0.0042 0.00057 <0.0001 
    
    
Winter 2013/14 -0.25 0.12 

0.016 
Winter 2014/15 -0.35 0.12 

Parameter estimates from a GLMM, with ‘Rate of movement of tracked birds’ (loge sum of distances 
between successive fixes divided by time between first and last fix) as the response variable, with ‘Date’ 
as covariate, ‘Shooting disturbance’ and ‘Winter’ as factors and ‘Bird identity’ as a random intercept. 
Parameter estimates for winters are relative to winter 2012/13. N = 1,398 bird-days. 

 

 

Figure 25. Modelled daily rate of movement of Greenland white-fronted geese, as a function 
of whether a shooting disturbance event was experienced. Curves represent fitted values from 
a GLMM (see Table 24), with ‘Rate of movement of tracked birds’ as the response variable, 
with ‘Date’ as covariate. ‘Winter’ is set to 2012/13. 
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Perturbation of time-budgets of non-flushed flocks 
 
4.5.2.5 Analytical methods  

In order to quantify the effect of disturbance events on the time-budgets of Greenland white-
fronted goose flocks that were not flushed, we ran GAMM models. We used each flock-scan 
as an observation (N = 763 scans). We used the observation session as a grouping factor (N 
= 109 sessions). Within each observation session, we modelled an autoregressive correlation 
function between scans, to account for the likely positive correlation between scans that were 
close in time. We separately examined two behaviour types as response variables: proportion 
of the flock feeding, and proportion of the flock with heads-up (i.e. vigilant). The response 
variable was in event/trial format, with the number of birds performing the behaviour as the 
numerator and the number of birds scanned as the denominator, using a binomial link function. 
 
As explanatory variables, we included the presence/absence of a disturbance event in the 
preceding inter-scan interval (t0), the presence/absence of a disturbance event in the inter-
scan interval before that (t-1), and the presence/absence of a disturbance event in the inter-
scan interval before that (t-2). We calculated these values for marksman disturbance (hence 
giving explanatory variables ‘Marksman disturbance t0’, ‘Marksman disturbance t-1’ and 
‘Marksman disturbance t-2’. Following exploratory analysis indicating no differences between 
them, we pooled all other disturbance sources, to give explanatory variables ‘Other 
disturbance t0’, ‘Other disturbance t-1’ and ‘Other disturbance t-2’. We also included smoothers 
for ‘Time’ (mins after 09:00 hrs) and ‘Date’ (days after 1 November). 
 
We conducted step-wise deletion of least significant variables, with the caveat that we 
removed non-significant disturbance variables in the order t-2, t-1, t0, because it was 
implausible that time-budgets were more strongly affected by the same disturbance event at 
a greater time-lag. 
 
4.5.2.6 Results 

The proportion of birds feeding was significantly reduced by ‘Marksman disturbance’ (Table 
25), but only in the scan immediately following the event (i.e. within a maximum of 3-5 mins). 
In the succeeding scans, there was no detectable reduction in feeding. ‘Other disturbance’ 
events also reduced the proportion of birds feeding; the effect of other disturbance events was 
much smaller than for marksman disturbance, but was detectable at greater time-lags. There 
were significant effects of both the ‘Date’ and ‘Time’ smoothers; the proportion of birds feeding 
increased from early November to approximately the end of January, and thereafter 
decreased. The proportion of birds feeding was high at 09:00, decreasing until approximately 
11:00, where after it increased somewhat until 13:00, staying fairly constant until another sharp 
increase occurred after 15:00. Back-transformed parameter estimates indicated that, on 
average, the percentage of birds feeding fell by ca.10-14% (depending on time of day and 
date) immediately following marksman disturbance. Following other forms of disturbance, the 
percentage of birds feeding fell by ca.2.5-3%. 
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Table 25. Parameter estimates for a model of proportion of flock feeding as a function of recent 
disturbance events, time and date. 

Parameter Estimate (SE) Wald P 
Intercept 1.11 (0.018) - 
Marksman disturbance t0 -0.64 (0.053) <0.0001 
Marksman disturbance t-1 0.015 (0.058) 0.79 
Marksman disturbance t-2 0.039(0.066) 0.55 
Other disturbance t0 -0.15 (0.024) <0.0001 
Other disturbance t-1 -00073 (0.024) 0.0022 
Other disturbance t-2 -0.049 (0.025) 0.049 
Time edf=4.80 <0.0001 
Date edf=3.78 <0.0001 

N = 763 observation periods within 109 observation sessions. 
 
For the proportion of birds vigilant, the results were complementary to the proportion of birds 
feeding. Vigilance was increased by ’Marksman disturbance’, but only in the scan immediately 
following the event (i.e. within a maximum of 3-5 minutes) (Table 26). In the succeeding scans, 
there was no detectable effect on vigilance. Vigilance was also increased by ‘Other 
disturbance’ events but only in the scan immediately after the event, and with a much smaller 
effect than marksman disturbance. There were significant relationships between vigilance and 
‘Date’ and ‘Time’. Vigilance was high early in the winter, and declined through to approximately 
mid-December, where after it remained relatively constant. Vigilance was low early and late 
in the day, and higher toward the middle of the day. Back-transformed parameter estimates 
indicated that, on average, the percentage of birds vigilant increased by approximately 17-
25% (depending on time and date). 
 

Table 26. Parameter estimates for a model of proportion of flock vigilant as a function of recent 
disturbance events, time and date. 

Parameter Estimate (SE) Wald P 
Intercept 1.11 (0.018) - 
Marksman disturbance t0 1.29 (0.087) <0.0001 
Marksman disturbance t-1 0.058 (0.097) 0.55 
Marksman disturbance t-2 0.0088 (0.107) 0.93 
Other disturbance t0 0.19 (0.039) <0.0001 
Other disturbance t-1 -0.039 (0.039) 0.32 
Other disturbance t-2 0.053 (0.041) 0.20 
Time edf=4.36 <0.0001 
Date edf=4.08 <0.0001 

N = 763 observation periods within 109 observation sessions. 
 

Table 27. Parameter estimates for a model of proportion of flock feeding as a function of recent 
shooting events and other disturbance events. 

Parameter Estimate (SE) Wald P 
Intercept 1.11 (0.018) - 
Shot t0 -1.72 (0.13) <0.0001 
Shot t-1 -0.88 (0.12) <0.0001 
Shot t-2 -0.61 (0.12) <0.0001 
Other disturbance t0 -0.15 (0.24) <0.0001 
Other disturbance t-1 -0.076 (0.024) 0.002 
Other disturbance t-2 -0.080 (0.025) 0.001 
Time edf=4.79 <0.0001 
Date edf=3.83 <0.0001 

N = 21 shooting events. 
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We also used the subset of marksmen disturbance events that were caused by shots fired (N 
= 21) in a separate analysis of effects on time-budgets. We created the explanatory variables 
‘Shot t0’, ‘Shot t-1’ and ‘Shot t-2’ as for the previous analyses, to denote the occurrence of a 
shooting event at increasing time-lags from the scan. As with previous analyses, we included 
‘Time of day’ and ‘Date’, and also ‘Other disturbance t0’, ‘Other disturbance t-1’, ‘Other 
disturbance t-2’. 
 
Shooting events produced large effects on flock time-budgets – specifically a reduction in the 
proportion of birds feeding - which were still strongly evident at a time-lag of t-2 (6-15 minutes), 
and had not recovered to pre-shot levels 15 minutes after the event (Table 27). The effects of 
other sources of disturbance were again significant, but much smaller. Back-transformed 
parameter estimates from the models indicated that the proportion of the flock feeding in the 
absence of recent disturbance was ca. 72-90% (varying with time and date), while the effect 
of shooting was to reduce the proportion of birds feeding immediately afterwards (t-0) by 
ca.40%, ca.20% at a time-lag of t-1 and ca.12% at t-2. In this model, other disturbance events 
reduced the proportion of birds feeding by ca.3% immediately after disturbance, with the effect 
diminishing thereafter. 
 
Shifts in habitat as a response to disturbance 
 
4.5.2.7 Analytical methods 

We compared habitat use by GPS tracked birds that had been subject to shooting disturbance 
in the preceding inter-fix interval (N = 129 fixes), with that of birds that had not been subject 
to disturbance (N = 3,414 fixes). Shooting disturbance was not evenly distributed in time of 
day or date, and so there was potential for the fixes of disturbed and undisturbed birds to be 
systematically different in their timing/date, which might have confounded the habitat shift 
analysis. We therefore selected for analysis the subset of fixes for which there was a shooting 
event in the preceding inter-fix interval. Both telemetry and observational data suggest that a 
flush response is evident at shooting distances less than ~600-1,000 m. We therefore created 
a variable ‘Shooting disturbance’, in which fixes where a shooting event happened within 1,000 
m were denoted as ‘disturbed’ (N = 129 fixes), and fixes where the shooting event was >1,000 
m from the bird as ‘undisturbed’ (N =3,414 fixes). For each fix, we used GIS to determine the 
field in which the bird was present, and the ‘Dominant vegetation’ habitat class to which that 
field was assigned. Based on the results of the field-scale habitat selection models, we 
simplified the ‘Dominant vegetation’ variable into three ‘Vegetation classes’: highly preferred 
(reseeded grasslands, N = 395 fixes); preferred (recently reseeded improved grassland, N = 
1,242 fixes) and non-preferred (other dominant vegetation classes, N = 1,906 fixes). We used 
ordinal GLMM’s with ‘Vegetation class’ as a binomial response variable and ‘Shooting 
disturbance’ as a two-level factor. ‘Bird identity’ was declared as a random intercept. Separate 
GLMM’s were created for the contrast between highly preferred and preferred and between 
preferred and non-preferred. 
 
We also assessed whether the overall number of shooting events over the two-year study 
period influenced field-scale habitat selection by Greenland white-fronted geese. We added 
‘Shooting intensity’, as a linear explanatory variable, to the best fit GAMM of field-scale habitat 
selection (Section 4.4.2.2). This allowed us to examine whether any unexplained deviance 
between the observed and expected goose frequency of occurrence could be explained by 
the amount of shooting that occurs in the field. 
 
4.5.2.8 Results 

There was no suggestion of a difference in habitat use between recently disturbed and 
undisturbed Greenland white-fronted geese. The ‘Shooting disturbance’ was non-significant 
in both models (highly preferred vs preferred and preferred vs least preferred) (P>0.35). 



 

70  

Because of uncertainty around the distance over which shooting might be expected to affect 
the birds, we repeated the models with a recoded ‘Shooting disturbance’ variable in which 
shooting events >500 m from the bird were coded as undisturbed (N = 3,472 undisturbed fixes, 
71 disturbed fixes); the results were unaltered. 
 
We found a small but highly significant positive association between the frequency of 
occurrence of Greenland white-fronted goose and ‘Shooting intensity’ (parameter estimate = 
0.14, SE = 0.018, P<0.0001).  
 
4.5.2.9 Discussion 

Shooting disturbance of barnacle geese has a clear effect on Greenland white-fronted geese 
wintering on Islay. It is a particularly acute form of disturbance, with the behavioural response 
stronger than to other disturbance causes. Telemetry data and observational data provided 
two independent means of assessing the impacts, and the responses shown by both methods 
were strikingly similar. Greenland white-fronted goose flocks frequently flush in response to 
shooting events, and both telemetry and observational data suggest that the flush response 
is evident at shooting distances less than ~800-1,000 m. Importantly, this means that 
Greenland white-fronted geese that are near to, but not in, the field in which shooting takes 
place are quite likely to be affected. The flush effect translates into a substantial increase 
(~20%) in the distances flown by geese during days in which they experience a shooting 
disturbance event within 800 m. Time-budgets of those flocks that do not flush are also 
perturbed, with major reductions in the proportion of birds feeding, and increases in the 
proportion of birds vigilant. Flushes and increased flight distance, as well as perturbed time-
budgets on the ground, represent lost feeding time and increased energy expenditure for the 
geese, which may affect their fitness. However, we did not detect any sign that shooting 
disturbance caused birds to shift onto sub-optimal habitat: there was no apparent difference 
in field habitat selection after a disturbance event. 
 
Our finding that Greenland white-fronted goose occurrences were positively associated with 
areas with high levels of barnacle goose shooting suggests a causal link, with Greenland 
white-fronted geese being able to exploit these fields due to reduced numbers of barnacle 
geese. Alternatively, the more disturbed fields may simply provide good feeding habitat due 
to variables that we have not measured. It is also possible, however, that either (i) the geese 
are simply attracted to fields with high habitat suitability in the first instance but the deterrence 
effect of shooting is not reflected in the SNH census data, perhaps for temporal reasons e.g. 
if the behavioural response is not of sufficient length to be detected in the census data, or if 
shooting pressure is concentrated at a particular time of year; or (ii) our frequency of 
occurrence measure may mask any true effect if shooting causes Greenland white-fronted 
goose flocks to break up and cause smaller numbers to return to/remain in the field. Further 
investigation into whether and to what extent shooting disturbance affects habitat selection 
would require an experimental approach to management of habitat and disturbance e.g. using 
fields with and without shooting. 
 
We have also not detected any impact of shooting disturbance on Greenland white-fronted 
goose fitness. This is perhaps not surprising, since such effects would be very difficult to 
identify with currently available data-sets. Mean APIs of geese were not lower in areas with 
high shooting intensity (Section 4.2), but this may be a crude measure: any disturbance impact 
on time-energy budgets is likely to affect the weakest birds in flocks disproportionately, and 
may be very hard to detect at the flock level. Birds are, in any case, mobile, so birds measured 
in a high disturbance area at a given point in time may not be long-term residents of that area. 
Data are currently insufficient to analyse the relationship between survival, emigration, 
productivity and shooting intensity in the winter home range, so such effects cannot yet be 
ruled out. It is conceivable – but entirely untested at present – that the acute nature of the 
shooting disturbance increases stress in affected Greenland white-fronted geese, with 
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negative effects on fitness or propensity to return to the same area. Stress hormone assays 
on faecal samples (Kotrschal et al., 1998) may be a means of investigating this. 
 
Conversely, we have also shown that, on an island-wide basis, Greenland white-fronted geese 
encounter shooting disturbance very infrequently; it is far less common than less acute forms 
of disturbance. Combining frequency and impact, we find that shooting disturbance adds only 
3.2% to the overall disturbance ‘burden’ for Islay Greenland white-fronted geese. To this 
extent, we can expect that shooting disturbance is not having a major impact on Greenland 
white-fronted goose fitness on a whole-island level. However, shooting disturbance intensity 
is very variable across the island (Figure 8), so the experienced frequency of disturbance will 
be very different for different individuals/flocks, depending on where their home range is. 
Further analysis is required to determine whether there may be localised substantial effects of 
disturbance on particular Greenland white-fronted goose flocks, resulting in measureable 
impacts on their fitness, or emigration from affected areas. 
 
4.6 Roosting distribution and behaviour of Greenland white-fronted geese on Islay 

4.6.1 Repeated checks of historic roosts to assess occupancy and numbers 

4.6.1.1 Results & discussion 

All the historical Islay roost sites were surveyed during this project – the only site not visited 
during the project was Loch a Chnuic Bhric Bog on Jura. All roost count data from this project 
has been consolidated and provided as shape-files (.shp) in Annex 6. 
 
The maximum counts for each roost site across this and previous Islay roost studies is 
summarised in Table 28. These counts are derived from a combination of both direct 
observations of birds observed arriving or leaving roost sites, and totals of 249 flight-lines 
between roost and feeding areas assigned to the most likely roost site or complex. All flight-
lines observed during this project are mapped in Figure 26. 
 
Generally, roost sites identified in 1991/92 are still extant (with the probable exceptions of the 
Loch Finlaggan, Loch a' Mhuilinn-ghaoithe, Lossit Farm and Maol a' Chatadail sites) though 
counts were routinely lower in the current study. This likely reflects the reduced Islay 
Greenland white-fronted goose population during the study period compared to 1991/92, but 
may also be influenced by the creation of the Aoradh floods roost site on Gruinart Flats in the 
mid-1990s (How & Gilbert, 2015) This is now the single most important roost site for Greenland 
white-fronted geese on Islay, with a peak count of 895 birds in April 2014. The routes used by 
Greenland white-fronted geese between roosts and feeding sites have remained similarly 
conserved; though again the numbers of birds recorded using these flight-lines has generally 
reduced.  



 

72  

Table 28. Summary of roost counts on Islay in winters 2013/14 and 2014/15, and in previous studies. Capitalised roost sites denote “roost 
complexes” as described by Ridgill et al. (1994). Asterisks denote roost use by GPS tagged birds in winters 2012/13, 2013/14 and 2014/15. 

Roost site 1981-84 
 estimate1 

1991-92  
max count2 

1991-92  
estimate2 

2013-14  
max count 

2014-15  
max count 

Evidence of use 2013-15? 

Allt an Leacaich - 200 200 0 - Yes*. Ground evidence of use 
Ballinaby Pool - 170 170 0 - Yes*. Some ground evidence of use 
Duich Moss 600+ 608 1322 239 15 Yes*. Widely used. 
Feolin Bog – Jura - 530 530 139 - Yes. 
FEUR LOCHAIN 300+ 370 520 15 - Yes*. Difficult to count with more 

birds heard than seen. 
Glac na Criche 150 25 25 - - Probable. Day visit showed some 

limited evidence of use. 
Gleann Maraiche - 400+ 400+ - 55? Probable. 
GLEN DROLSAY AREA + 1000 1100 422 430 Yes. Ground evidence shows whole 

area widely used. 
Goirtean an Uruisge area - 207 207 - 69 Yes. Ground searches around 

Sleivemore show some use. 
Gruinart Flats & Bog - 150 150 111 + 84 5 Yes. 
LAGGAN BOG/Loch na Nigh'dchd ? 330 505 155 (NE 

side) + 229 
(W side) 

1 Yes*. 

Loch Finlaggan 400 280 280 0 - No. 
Loch Gorm North 800 122 122 0 0 Probable. 
LOCH GORM WEST - 680 680 30 153 (NE 

side) + 68 (S 
side) 

Yes*. Ground evidence of use 
throughout. 

Loch Treunaidh Area 50+ 138 168 98 125 Yes*. 
Loch a' Bhogaidh 200+(?) 35 35 15 - Yes. 
Loch a Chnuic Bhric Bog (Jura) - 120+ 120+ 

  
Not surveyed. 

Loch a' Gheoidh (AO) 0 346 346 96 - Yes. Though likely L. a' Gheoidh is a 
pre-roost bathe/drink site 

Loch Leathan /M nan Caorach + - 280? 216/80 - Yes*. Extensive ground evidence of 
use throughout complex. 

Loch Kinnabus (NR 300 420) ? 0 0 0 0 Yes*. Especially eastern shore 
Loch a' Mhuilinn-ghaoithe - 298 298 - 0 No. No ground evidence of use on 

PM visit.  
Loch an Raoin 100+ 130 190 51 - Yes. 
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Roost site 1981-84 
 estimate1 

1991-92  
max count2 

1991-92  
estimate2 

2013-14  
max count 

2014-15  
max count 

Evidence of use 2013-15? 

LOSSIT AREA - 310 310 0 - No. Lossit Farm roost site now 
heavily used by barnacle geese. Dun 

Bhorarig unchecked. 
NORTH OA Total - 600 1200 - 445 Yes*. 
 (Maol Bhuidhe) - 600 600 
 (Maol Ghrasdail) - 130+ 130+ 
 (Luig Rhada) - 350 350 
Lyrabus Bog - 194 194 70 (SW) 80 (NW) Yes. Probably legitimate to combine 

the totals from the Uiskentuie and 
Lyrabus farm flightlines 

Machrie Peat Cuttings - 370 370 - 18 Yes. But not to the Ridgill et al. 1994 
defined site and not a major roost 

now. 
MAOL CHUIRN-A-MHEALL - 440 690 130 - Yes*.  
Maol a' Chatadail - 156 156 - - No. See Monadh a Choilich, Ghlas 

Bheinn lochans and Lochan Dubh 
Moine na Surdaig - 710 710+ - 419 Yes. Especially the Moine na 

Surdaig site itself which is very 
heavily used. 

MOINE NAM FAOILEANN 200+ 520 580 85 (S) + 135 
(W) 

- Yes*. Many flight-lines in and 
continuous available roost habitat. A 

key site. 
Monadh a' Choilich - 100 100 - 120 Yes. 
NA BINNEAGAN (KD)/L Sibhinn 300 675 675 320 (E) + 94 

(W) 
800 Yes*. 

Srath Luachrach - 400 400 55? 0 Yes. Though 120 observed heading 
to NE of Loch Staoisha from 

Mulreesh 4/2/2015 
TAIS BHEINN AREA - 250 339 130 - Yes. 
Uisge na Criche - 140 140 - 0 Yes. No birds observed but daylight 

visits showed evidence of use by 
GWF 

Upper Esknish Pool - 390 390 - 0 None observed. 
  

      

Aoradh floods (NR 282675) 
   

895 686 Yes. 
Cladville Bog (NR 165540) 

   
133 - Yes. 



 

74  

Roost site 1981-84 
 estimate1 

1991-92  
max count2 

1991-92  
estimate2 

2013-14  
max count 

2014-15  
max count 

Evidence of use 2013-15? 

Octofad Bog (NR 210545) 
   

- 55 Yes. 
Octofad Re-seed (NR 206547)  

   
- 0 Unlikely. Goose droppings but mostly 

barnacle geese. 
Loch Gleann na Gaoidh (NR 
204544) 

   
0 - Yes. Some sign of use both years. 

Likely occasional. 
Octofad peat cuttings (NR 213553) 

   
- 0 Yes. Sign of fairly regular use. 

Pools (NR 215555) 
   

- - Probable. Sign of regular use but 
unknown if day or night. 

Ellister Forest dams (NR 183535, 
NR 192540) 

   
- - Possible. Observation of use by 

greylag geese. 
Ellister peat cuttings (NR 190534) 

   
- - Occasional? Some limited ground 

signs of use. 
Loch Abhainn Ardnish (NR 225564) 

   
15 - Yes. 

East Bolsay Moor (NR 232568) 
   

47 - Yes. 
Leoig Bog (NR233673) 

   
16 - Yes.  

Gleann a chardaidh bog (NR 
310662) 

   
- 35 Yes. Whole area used. 

Loch Staoisha Peat cuttings (NR 
410719) 

   
- 120? Yes. Ground evidence. 

Fada Pool (NR 141638) 
   

- 53 Yes. 
Loch Allalaidh (NR 420580) 

   
- - No evidence on PM visit 18/1/15. 

Glas Bheinn lochans (NR 426590) 
   

- - No evidence on PM visit 18/1/15. 
Lochan Dubh (NR 421591) 

   
- - No evidence on PM visit 18/1/15. 

Bheinn Bheigier west lochan 
   

- - No evidence on PM visit 18/1/15. 
Kilennan Bog (NR 370580) 

   
- 0 Some limited evidence of use. 

Beinn Bhan - Loch Beinn Uraraidh 
Area (NR 3956 - 4053) 

   
- - Yes. But key locations unknown. 

Maol na Airighe (NR 345497) 
   

- 90 Yes. Possible as a pre-roost 
aggregation/night feeding site? 

Upper Killeyan bog (NR 285420) 
   

- 22 Yes. 
Cnoc Torran nan Subh bog (NR 292 
418) 

   
- 0 Probable. Sign of regular use but no 

flight-lines observed. 
Duich/Big strand (NR 3054 area) 

   
- - Yes. Sign of use, probably regular 

but low density. 

1 Stroud 1984 
2 Ridgill et al. 1994
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Figure 26. Greenland white-fronted goose flight-lines recorded during winters 2013/14 and 
2014/15. Red lines denote recorded flight-lines; associated numbers show max counts. More 
detailed views of the north and south of the island are shown in Annex 7. 

 
 
4.6.2 Observation of roost-field flight-lines 

4.6.2.1 Results 

Observed flight-lines indicate broad linkages between roost and feeding areas. Direct 
connectivity between field and roost locations derived from GPS tagged individuals are 
mapped in Figure 27. Summary statistics for distance between feeding and roost sites are 
shown in Table 29. 

      5km 
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Figure 27. Mapped GPS derived linkages between roost and feeding sites; each colour is a 
different GPS tagged bird. More detailed views are shown in Annex 7. 

 
 

Table 29. Summary of distance between roost and field locations of GPS tagged Greenland 
white-fronted geese. 

Metric Morning (roost - field) Afternoon (field - roost) 
Number of bird-days 1,077 969 
Maximum distance (m) 13,667 10,953 
Minimum distance (m) <10 <10 
95th percentile distance (m) 4,149 6,532 
90th percentile distance (m) 3,738 3,965 
Median distance (m) 1,823 1,951 
Mean distance (m) 1,947 2,290 

 
 

      5km 
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Connectivity between feeding and roost sites derived from GPS data broadly supports 
linkages inferred from observed flight-lines by both Ridgill et al. (1994) and this project. What 
is apparent at the finer-scale is the variation between departure and arrival points at both roost 
and field locations. There is, for instance, little indication that certain fields are consistently 
preferred departure or arrival points for flights to or from roosts.  
 
There is a consistent pattern of morning roost-to-field flights being shorter than evening field-
to-roost flights. This may indicate Greenland white-fronted geese selecting initial feeding sites 
close to roosts, and then during the course of the day feeding progressively further from the 
roost site. Alternatively, individual birds may make their night-time movements according to 
foraging preferences the next day. In this scenario roost departure points may be selected 
according to that individual’s likely foraging locations the next day. 
 
4.6.3 Map roosts, feeding areas and roost-feeding area linkages using roost, flight-line and 

field-use data, supplemented by telemetry and neck-collar reading. 

4.6.3.1 Results 

Roost habitat 
A total of 6,084 roost fixes were recorded from GPS tagged birds during the project. Roosting 
Greenland white-fronted geese on Islay overwhelmingly selected broad habitat types 
representative of areas of patterned mire/quaking bogs, as previously reported (e.g. Ridgill et 
al. 1994). The blanket bog and wet pasture_fen habitat classes likely best classify these 
conditions, and 72.7% of all roost GPS fixes were located within these two habitat classes. 
‘Acid grassland/heath’ represented the drier moorland areas within which these conditions 
tend to be encountered; 9.5% of roost GPS fixes were on this habitat class. In addition, 10.1% 
of the roost fixes were on the ‘wet mud/shallow water’ class, which captures some of the larger 
pool systems found amongst these bog areas, although this category will also include intertidal 
mudflats (at Loch Gruinart for instance). Remaining fixes were split between the wet pasture 
and grassland habitat classes (Figure 28). Thus the vast majority of fixes are associated with 
(albeit wet/damp) terrestrial habitats, rather than water bodies. This is consistent with patterns 
noted during previous work (Ridgill et al. 1994) and is perhaps indicative of Greenland white-
fronted geese using these roost sites as additional feeding opportunities, rather than just a 
safe night-time refuge. 
 
Roost GPS fixes were distributed across the bog and moorlands in a very diffuse manner 
within individual bird’s home ranges. A detailed look at the Moine nam Faoileann and Feur 
Lochain roost complexes illustrates this well (Figure 29). Notably, roost fixes were regularly 
located outwith previously mapped roost sites. The diffuse distribution of roost fixes suggests 
that although there were favoured sites with higher levels of use, almost every site with 
suitable roost habitat was likely to be used during the course of a winter, even if only 
occasionally. 
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Figure 28. Distribution of Greenland white-fronted goose GPS roost fixes among habitat 
classes. 

 
Movements between roost sites 
Birds frequently made substantial moves between roost locations on consecutive nights. The 
calculated distance moved between consecutive nights did not differ according to whether the 
comparison was between first roost fixes of each respective night (mean = 838.2 m, N = 1,175 
bird-nights) or last roost fixes (mean = 851.0 m, N = 633), therefore values were pooled to 
allow comparison across birds with different GPS sampling regimes. Typically, individuals 
fitted with GPS-UHF collars took between one to two fixes per night, those fitted with GPS-
GSM collars took between two to three. Overall, mean distance between consecutive night 
roost fixes was 842.7 m (N = 1,808), median distance = 390.9 m (Table 30, Figure 30). Birds 
shifted roost sites between consecutive nights regularly (>25% of nights), though larger roost 
area shifts were rare (2% of nights). There was a suggestion of an increase in distance moved 
between consecutive roost sites towards late winter (Figure 31). 
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Figure 29. Detail of Greenland white-fronted goose roosting in the Moine nam Faoileann-Feur 
Lochain roost complexes. White circles: goose GPS fixes; red hatched polygons: 1991/92 
roost sites, black polygons: 1991/92 ‘potential sites’; purple polygons: 1991/92 unknown sites’. 
Red-dashed lines: 1991/92 roost complexes, labelled (black number, yellow circular 
background) with likely total numbers of Greenland white-fronted geese (Ridgill et al., 1994). 

 
 

Table 30. Summary statistics for Greenland white-fronted goose movements between roosts. 

Parameter Mean Median 

Proportion 
showing roost 

site shift 
(>1 km) 

Proportion 
showing roost 

area shift  
(>5 km) 

N 
(fixes) 

Distance between roost 
fixes on consecutive 
nights (m) 

842.7 390.9 0.25 0.02 1,808 

Distance between first 
and last roost fixes within 
nights (m)  

776.1 312.8 0.28 0.03 194 

Distance between hourly 
roost fixes (m) 

152.3 33.7 0.025 0.002 2,495 

  

       1 km 
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Figure 30. Distribution of a) distance between roost fixes on consecutive nights; b) distance 
between first and last fixes within nights and c) distance between hourly roost fixes for GPS 
tracked Greenland white-fronted geese. 
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Figure 31. Relationship between distance (m) between consecutive nights’ roost sites and 
date. Day 1 = 1 October. 

 
There was strong evidence to suggest that Greenland white-fronted geese on Islay were highly 
mobile at night, shown by the distances moved between successive GPS fixes, coupled with 
evidence of high levels of activity through the night from accelerometry data. 
 
Movements of birds between roost sites were as great within nights as between nights (Table 
30). The behavioural trace for the e-obs tri-axial accelerometer logger bird tagged in winter 
2012/13 showed that the bird was classified as active (either walking or flying) at night during 
41% of accelerometry bouts between 9/10/2012 and 18/04/2013 (Figure 32). The Wexford 
bird was similarly active (44% of accelerometry bouts classified as walking/feeding) between 
26/10/2012 and 8/03/2013. 
 
On Islay, Greenland white-fronted geese appear to readily take advantage of moonlit nights 
to maximise foraging opportunities, both through returning to feeding areas in fields and by 
feeding at the mire roost sites. The accelerometry data appeared to show a clear relationship 
between activity and moon phase during mid-October to mid-February: the bird was most 
active around full moon, and least active at new moon. This pattern broke down in late winter 
(Figure 32). Increased activity on moonlit nights was also suggested by the Ecotone GPS 
data. During moonlit conditions, 16.7% (333/1,966) of GPS fixes were in fields rather than on 
roosts, compared to only 2.5% (98/3,933) of fixes in fields during dark conditions. We have 
assumed that returning to fields at night indicates feeding, though there is no direct evidence 
of this. The Wexford bird did not show the same association with moon phase, and there is a 
suggestion of the reverse pattern and so it is hard to reach a conclusion for such a small 
sample size (N = 2) when they infer opposite things. 
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Accelerometry data also suggested highest night-time activity during mid-October to mid-
February (Figure 32), possibly a behavioural adaptation to maximise daily energy intake during 
short days. This pattern is consistent with the previous Islay study of Ridgill et al. (1994), which 
found Greenland white-fronted geese delaying field-to-roost flights in relation to sunset in mid-
winter.  
 
This is an exploratory analysis of the possibility that night-time activity is associated with moon 
phase. A more formal examination would require us to consider cloud cover as well, since this 
will strongly influence how much moonlight the birds experience. Variations in cloud cover 
may explain the breakdown of the pattern in late winter.  
 
 

 

Figure 32. Night-time activity of a Greenland white-fronted goose on Islay and one at Wexford 
in winter 2012/13, derived from e-obs tri-axial accelerometer data. Y-axis: Percentage of 
accelerometry bouts classified as active (walking or flying). Dark grey bars: Islay bird; black 
dashed line: Wexford bird; white line: moon phase. 

 
Mapping feeding areas 
GPS tracked Greenland white-fronted geese rarely made large shifts in feeding area during 
the course of the winter. Only 20.1% of mid-day fixes were >1 km from their mid-day location 
on the previous day; and shifts of >5 km occurred on only 2.3% of bird-days (Figure 33). This 
implies that the geese forage within a fairly discrete local area on a day-to-day basis and only 
rarely move away from this home range. This high level of site-fidelity is a well-known feature 
of wintering Greenland white-fronted geese across their range (Wilson et al. 1991). Tagged 
bird data does reveal some noticeable shifts in feeding areas; for instance birds YLL and S0Y 
moved from Aoradh south-west approximately 10 km to Kilchiaran farms from February 
onwards during both years of the study. However, once these large-scale range shifts have 
occurred the birds seem to settle down into a new, relatively small home-range. Further work 
to better define the regularity of and conditions that influence, such home-range shifts would 
undoubtedly be beneficial from a management perspective. 
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Figure 33. Distance between consecutive midday locations of GPS tagged Greenland white-
fronted geese feeding in fields on Islay. 

 
4.6.3.2 Roost site use: General Discussion 

Greenland white-fronted goose utilisation of roost sites has changed very little in over 20 
years, with the vast majority of sites recorded in 1991/92 still extant. Repeat surveys of flight-
lines show a similarly consistent use of the routes used to move between roost and feeding 
areas. Decreases in roost and flight-line counts reflect the ~60% decline in Greenland white-
fronted geese on Islay in the intervening period. 
 
Similarly, habitat selection on the roosts has remained the same; birds are associated with 
patterned mire/quaking bog habitats as outlined in previous surveys. What has become more 
apparent however, is how extensively Greenland white-fronted geese use these roost areas, 
and how mobile they are within and between nights. It is likely that during the course of a 
winter almost all suitable mire/bog patches within an individual’s home range will be visited.  
 
This mobility at roosts makes accurate survey of roost sites extremely difficult. As such, roost 
counts presented here should be interpreted with caution; the nature of the fieldwork meant 
that counts associated with a single roost or roost complex were, at best, only a brief snapshot. 
Due to a very similar methodology, there is a valid comparison between this and the 1991/92 
surveys, though neither count should be treated as being highly representative of the numbers 
of birds using that site through the course of a winter.  
 
Similarly, we suggest caution in assigning ‘core’ and ‘satellite’ roosts, as previously suggested 
(Ridgill et al., 1994). There are undoubtedly some roost sites that are used more regularly, 
and by more birds, than others and whilst clearly every effort should be made to protect and 
manage these sites appropriately, they are far from the only sites of importance. Indeed the 
smaller, so-called ‘satellite’ sites may be an important aspect of Greenland white-fronted 
goose winter ecology. A range of available roosting areas likely increases resilience to adverse 
weather conditions if individuals can utilise sheltered roost sites, as well as providing further 
foraging opportunities. 
 
Previous work on Islay (Ridgill et al., 1994) has attempted to use feeding-roosting linkages 
inferred through roost surveys to define catchment areas of Greenland white-fronted geese 
on Islay. Whilst recognising the attraction of such units from a management point of view, we 
believe these catchment units are an inappropriate way of describing the movements and 
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distribution of the Greenland white-fronted geese on Islay. Linkages between roosts and 
feeding areas are complex and can be highly variable, roosts are diffuse and very extensive 
and we have shown that birds, albeit rarely, make significant feeding range shifts.  
 
Given the mobility and flexibility of the birds, and the extensive nature of the roosts, we suggest 
that attempting to map roosts based on empirical observation during a small number of 
snapshot visits is potentially misleading. To map them adequately using telemetry data would 
be a prohibitively large task. Therefore we suggest that the most appropriate way to delineate 
potential Greenland white-fronted goose roost sites is to map the availability of suitable 
roosting habitat within the flight range of day-time feeding geese. We have shown selection 
by Greenland white-fronted geese of mire/quaking bog roost habitats, and we have shown the 
statistical distribution of evening roost flight distances. SNH goose count data defines the 
distribution of Greenland white-fronted geese on fields used in the day-time. We mapped all 
fields in which Greenland white-fronted geese were encountered during SNH goose counts 
between the winters of 2012/13 and 2014/15 (the three years for which data are available from 
GPS tagged birds). Buffers of 3,965 m (90th percentile of all evening field-to-roost flight 
distances) were drawn around the centroids of these fields. We then used the Islay wide 
habitat classification to map all mire habitats on the island and these layers were then clipped. 
The result is a map showing all available suitable roost habitat patches within a roost-flight 
radius of fields used by Greenland white-fronted geese (Figure 34). Figure 34, in particular, 
may be useful for managers in terms of identifying likely key Greenland white-fronted goose 
roost areas. Clearly, this encompasses a large area (~20,000 ha) (Annex 8 is a shape-file 
(.shp) of this map). However, we suspect that this is a realistic depiction of the areas used. On 
the rationale that we have developed, the use of roost sites is dependent upon the feeding 
distribution of the geese in fields during day-time, which itself varies between years. 
Consequently, the map should be updated in future winters to reflect changes in goose 
distribution. 
 
In the light of these findings, we suggest that Greenland white-fronted goose roosts on Islay 
should no longer be considered on a discrete site-by-site basis with well-defined flock 
catchments. The roosting system is more complex and dynamic than that. Rather, an 
individual’s home range contains a wide range of different patches of suitable night-time 
habitat, often within – but not confined to – broad areas of bog and moorland, all of which may 
be a roost destination and an important resource for that individual.  
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Figure 34. Potential Greenland white-fronted goose roosting habitat on Islay (not assessed for 
Jura). Red areas: Islay mire habitat patches lying within the 90th percentile of field-to-roost 
flight distances of fields used by Greenland white-fronted geese during the winters of 2012/13 
– 2014/15. 

 
 

      5km 
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Figure 35. Potential roost habitat map of Islay (not assessed for Jura), showing observed flight-
lines during the winters of 2013/14 and 2014/15. Solid black lines: flight-lines observed during 
2013/14 and 2014/15. Dotted black lines: flight-lines from 1991/92 and 1992/93. These can 
be used to inform likely initial roost destinations of birds from feeding areas. 

  

      5km 
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5. RECOMMENDATIONS FOR FUTURE WORK 

 Continue demographic monitoring (mark-resight, productivity and population counts), 
which will provide valuable insights into the demographic processes underlying 
population change, especially the poorly known parameters of annual survival and 
emigration/immigration. It is particularly important that demographic monitoring is 
developed at other Scottish sites that may be linked to Islay by immigration/emigration, 
because it is increasingly clear that subpopulations form a metapopulation that is poorly 
understood. Causes and consequences of movements of birds between sites are 
potentially important in our understanding of the global decline and how to arrest it. 

 The causes of low apparent survival in Islay Greenland white-fronted geese are 
unknown, but may be the critical factor in the decline. Further investigation of this is very 
important. Evaluation of the situation on the Icelandic staging grounds should be a 
priority. During our study years, we noted that birds arriving on Islay were in lower body 
condition than those arriving in Wexford, despite shorter migratory flights for the former. 
Some tentative lines of evidence suggest that shooting pressure in Iceland (accidental 
or otherwise) may be higher than currently reported. Substantial rates of lead poisoning 
both in Iceland and on Islay cannot be ruled out, as the nature of the shooting and of the 
birds’ foraging mode may predispose them to risk. Similarly, the possibility that there are 
high rates of emigration from Islay needs further investigation. 

 More detailed analysis of habitat selection would help to gain insights into how to provide 
optimal habitat for Greenland white-fronted geese on Islay. The field-count data provide 
an exceptional resource in this regard. There is a multi-year run of data, which would 
permit examination of changes in habitat use over time, in relation to changes in 
barnacle goose distribution and management of grasslands. There are multiple counts 
per year, which would permit examination of seasonal shifts in habitat preference. 

 More detailed understanding of diet would be valuable in interpreting habitat selection, 
and developing potential prescriptions for management. For example, it would be 
extremely useful to confirm: (1) whether feeding at roosts forms a substantial part of the 
diet, or daily time budget of Greenland white-fronted geese; (2) whether the selection of 
herb-rich wet patches within fields is due to consumption of particular species 
characteristic of these patches, or is due to a preference for feeding in soft, open swards; 
and (3) how to interpret the field-scale selection of relatively dry, improved reseeded 
grassland alongside the fine-scale selection of herb-rich wet patches.  

 Modelling observed Greenland white-fronted goose distribution in relation to both habitat 
and disturbance is essentially correlative. It is difficult to assign cause-and-effect to the 
measured relationships between variables, because they may be confounded by other 
factors. For example, we found that Greenland white-fronted geese were positively 
associated with areas with high levels of barnacle goose shooting. Conceivably this is a 
causal link, with Greenland white-fronted geese being able to exploit these fields when 
barnacle geese have been excluded or partially excluded. However, it is also possible 
that these are simply fields that provide good feeding habitat due to variables that we 
have not measured. An experimental approach to management of habitat and 
disturbance would provide definitive answers to questions about habitat selection and 
response to disturbance. 

 Although we showed that disturbance of barnacle geese probably did not have a major 
impact on Greenland white-fronted geese on average across Islay, this may mask 
substantial effects in local areas where shooting disturbance is most intense. Further 
research comparing Greenland white-fronted goose ecology and fitness between 
heavily disturbed areas and undisturbed areas would be valuable. Similarly, the more 
intense (albeit rare) disturbance effect caused by shooting may have effects other than 
on time-energy budgets, for example by increasing stress levels. 

 It is possible – but entirely untested - that barnacle geese and Greenland white-fronted 
geese are in indirect competition on Islay. Our results indicate apparent selection for 
similar fields; however, there is some evidence that they select for different patches at 
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the fine-scale. We hypothesise that barnacle geese crop grass shorter than is optimal 
for Greenland white-fronted geese, and that this may effectively reduce food availability 
for Greenland white-fronted geese. We recommend experiments to investigate this. 

 We make two specific recommendations for practical management of Greenland white-
fronted geese on Islay: 

 (1) Although there is no analysis in this report that addresses the issue, it would be worth 
in future investigating the benefits accruing from provision of supplementary food to 
Greenland white-fronted geese on the island. The birds strongly select for barley 
stubbles (apparently more so than barnacle geese, though as discussed above this may 
be an artefact of the timing of SNH goose counts). They are also known to make use of 
root crops, in particular fodder beet, which are rarely eaten by barnacle geese. We 
suggest that experimental beet provision, coupled to detailed studies of its use by and 
impact on Greenland white-fronted geese, would be valuable; 

 (2) We provide clear evidence that shooting within ~800 m of Greenland white-fronted 
goose flocks results in measureable disturbance, irrespective of whether they are in the 
same field as the shooting event. Logic suggests therefore that SNH marksmen use a 
distance-based rule for whether to shoot at barnacle geese when Greenland white-
fronted geese are in the vicinity, rather than the current rule of not shooting when 
Greenland white-fronted geese are in the same field. Clearly a distance-based rule is 
more difficult to apply rigorously than a ‘field-based’ rule, and the appropriate distance 
would need to be agreed (~800 m would be a maximum, since this is the approximate 
distance at which effects start to be seen). Given that our data suggests that current 
levels of shooting disturbance do not substantially affect condition and time-budgets of 
Greenland white-fronted geese overall, this may not currently be critical. Nevertheless, 
given that some birds living in highly disturbed areas may receive far above the island-
wide average level of disturbance, and considering potential future changes in shooting 
levels, this effect should remain under consideration.  

 Our observational data on flocks in fields indicates that geese learn to recognise the 
SNH marksmen vehicles, and react more strongly to these than to other road traffic. It 
may be possible to use this more deliberately as an additional barnacle goose scaring 
method. 
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